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This report describes the development of improved, low noise level fan
and pump concepts for Space Shuttle. In addition, a set of noise design
criteria for small fans and pumps was derived. The concepts and criteria
were created by obtaining Apollo hardware test data to correlate and modify
existing noise estimating procedures. A set of Space Shuttle selection
criteria was used to determine preliminary fan and pump concepts. These
concepts were tested and modified to obtain noise sources and characteristics
which yield the design criteria and quiet, efficient Space Shuttle fan and

pump concepts.
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SUMMARY

This report describes the test data results and the analytical noise
estimating methods used in developing noise design criteria for spacecraft

fans and pumps. From these design criteria and preliminary testing, fan and
pump concepts were defined for Space Shuttle.

The Design Criteria offer a means of designing fans and pumps of a
certain required performance to a minimm noise level. These criteria advance
the existing technology in fan and pump noise control and provide guidelines,
constraints and trends for small fan and pump designs. The axial fan concept
achieved from these Design Criteria is a low noise, efficient fan which up-
dates the state of the art of quiet spacecraft fan design. The centrifugal
punp design, likewise, has these attributes.

Small fan and pump noise sources were first investigated by testing
Apollo Command Service Module (CSM) and Lunar Module (LM) Environmental Control
System (ECS) hardware. Various fan data indicated the existence of tones at
the blade passing frequency and the propagation of the various harmonics of
these tones. The tone noise due to rotor and stator interaction also was high.
The fan motor noise usually was masked by the aerodynamic noise except in one
axial flow fan where the bearings and/or the umbalance controlled the noise
at high frequencies. Motor noise in the Apollo CSM pump dominated the noise
of the centrifugal pump while in the Apollo IM pump sliding vanes controlled
the noise level. Thus, improved motors will be required on future pumps and
may be required also on future fans to achieve low noise levels.

The test data obtained from the Apollo IM and CSM ECS hardware testing
was incorporated into the cxisting noise estimating methods. The pump noise
levels were scaled from larger motor data with additional noise sources to
account for the type of pump rotor. Incorporation of the Apollo -data into
existing noise estimating methods yielded a new Hamilton Standard Empirical
Fan Noise Estimating Procedure which predicts small spacecraft size fan
noise with reasonable accuracy. More accurate estimations of axial flow
fan noise can be made with Hamilton Standard's axial flow fan performance
and noise calculation computer program. This program was utilized to cor-
relate both the IM cabin fan and the PLV fan with a good degree of accuracy.

The preliminary fan and pump concepts for Space Shuttle were selected on
the basis of a NASA and Hamilton Standard coordinated selection criteria of
weight, volume, power, noise and potential noise. The noise was estimated
by the previously noted procedures. The weight, volume and power were
estimated for flight designs. '

The preliminary concept hardware for verification testing was selected
from the equipment suppliers' data and then tested to obtain noise character-
istics. Subsequently, modifications were made to the hardware and the units

1
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then were retested to establish the new noise levels. This gave data useful
for further correlation of the estimating methods and to establish trends and
guidelines for quiet and efficient fan and pump design criteria.

These design criteria combined with the test data from the Apollo hard-
ware and from the verification hardware provided the necessary technical
information for the selection of the final Space Shuttle fan and pump concepts.
The Space Shuttle cabin fan design point is a flow of 400 cfm of air at a
pressure rise of 2.5 inches of water. The flow enters a large-screen-covered
bellmouth located somewhat upstream of a three-bladed rotor with NACA series
16 airfoil sections. The fan hub is 2.75 inches in diameter and the fan tip
diameter is 5.5 inches. Spacing between the rotor and stator is 4 inches,
or 1.5 rotor mean chord lengths. Eleven stators with NASA 400 series airfoil

_sections are used. Both the fan rotor and motor rotor are balanced. The fan
runs at 11,200 rpm, weighs 5.4 pounds and is 8 inches in diameter by 13 inches
in length. The calculated power consumption is 221 watts. The estimated noise
level is 76 dB NC with potential improvement to 70 dB NC. '

The Space Shuttle Cabin Heat Transfer Loop pump flows 500 pounds per hour
of water and produces a pressure rise of 20 psi. Flow enters the centrifugal
rotor through a smooth, well-rounded inlet. The rotor has six backward curved
vanes and a 1.30 inch tip diameter from which the fluid passes into an increas-
ing area scroll. Here some of the fluid is bypassed for lubricating the hydro-
dynamic bearings and cooling the motor. Both the motor rotor and pump rotor
are balanced. The pump runs at 11,200 rpm, weighs 2.5 pounds, and is 3.5 inches
in diameter by 4.75 inches long. The unit has an estimated power consumption
of 110 watts and a noise level of 40 dB NC at three feet. '
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INTRODUCTION

Noise generation by environmental control system components is unavoid-
able. Aerodynamic noise generation in the form of periodic pressure pulsa-
tions, for example, necessarily accompanies processes which add energy to or .
remove energy from a gas. Noise generated aerodynamically is particularly
troublesome because the mechanisms of generation are not completely understood,
and because external acoustic treatment, such as mufflers, in the path between
source and receiver is often costly in performance and weight.

In Mercury, Gemini, and Apollo the noise level of ECS components caused
an annoying cabin environment for the occupants. The MOL vehicle utilized
mufflers for fans and valves at some weight penalty to achieve an acceptable
noise level. With the advent of Space Shuttle and its longer duration Space
missions,the acoustic environment becomes more and more important. In addition
to providing a background noise level suitable for communications, noise con-
trol also will have to aim at eliminating psychological disturbances and annoy-
ances. As such, Space Shuttle has stringent noise requirements and measures
will have to be taken to reduce noise generation at the source in order to
minimize external treatment. To be effective, such measures must be considered
during the design stage of a component.

NASA JSC sponsored this study of Fan and Pump Noise Control because very
little noise data exists. Determining the noise sources in small fans and pumps
was an introduction to the objective of determining small fan and pump design
criteria and quiet, efficient fan and pump concepts for the Space Shuttle.

The study was divided into five sections. The first was an evaluation of
all Apollo ECS fans and pumps. This was performed by first estimating the noise
levels generated by the hardware and then actually testing the hardware. Second,
the results of this evaluation were refined further to establish a useful noise
estimating method for deriving preliminary Space Shuttle fan and pump concepts.
Third, these preliminary concepts were tested utilizing commercially available
hardware. During this testing, modifications were made to reduce noise and to
establish further noise sources. Fourth, all of the testing, analyzing, and
estimating methods then were incorporated into a set of design criteria for
small fans and pumps. Finally, using these design criteria, fan and pump
concepts for the Space Shuttle were defined.

This report describes the work accomplished in each section. The report

is organized chronologically and leads basically to the developed design
criteria and the Space Shuttle fan and pump concepts.

3/4
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CONCLUSIONS

On the basis of the results from this program, the following conclu-

sions have been reached:

The motors and bearings of quiet fans and pumps used in future space-
craft may produce significant noise, unless the motor bearings are
carefully designed. Ball bearings are the noisiest type and may
dominate the noise of quiet pumps and contribute to the noise of
quiet fans. Sleeve. type bearings appear acceptably quiet for both
fans and pumps.

Of the three types of fans tested in this study the squirrel cage
centrifugal was quietest by a small margin. The axial fan was next,
with the radial blade centrifugal being the noisiest.

At present state-of-the-art squirrel cage fans are significantly
heavier and less efficient than are axial fans,the axial fans hav-
ing the advantage of extensive development for use in submarines and
aircraft. Because the gain in noise improvement for the squirrel
cage fan tested was relatively small, and since this program was
limited to present state-of-the-art, the axial fan was selected for
Shuttle requirements.

Of the types of pumps considered in this study, the backward curved
centrifugal pump is quietest, if the inlet pressure and geometry are
controlled to prevent cavitation. In this type of unit, the motor
beeomes the dominant noise source and must be carefully designed to
avoid clectromagnetic and bearing noise. Other pumps which make use
of sliding vanes, meshing lobes, vibrating diaphragms and so forth,
have noise levels well above those of the centrifugal pump and their
motor bearings do not dominate the noise level.

None of the fans and pumps tested in this program could achieve the
design objectives of 30 dB NC at three feet. The centrifugal pump was
closest at 40 dB NC. The measured axial fan noise was at 76 dB NC.
However, a quiet axial flow fan was estimated at 70 dB NC.

An axial flow fan optimized for noise, weight, volume and aerodynamic
performance to meet the Space Shuttle requirements of 400 cfm and 2.5
inches of water static pressure rise will have a 5.5 inch rotor tip
diameter and run at 11,200 rpm. The fan should have three rotor
blades, 11 stator vanes, and a blade to vane gap of 1.5 blade chords.
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A centrifugal pump optimized for noise, weight, volume and hydraulic
performance to meet the Space Shuttle requirements of 480 pounds per
hour and 20 psi total to total pressure rise should have a 1.30 inch
diameter rotor with six backward curved vanes and run at 11,200 rpm.
For minimum noise sleeve type bearings should be used, however, life
requirements may dictate the use of ball bearings. The 3.5 inches
diameter by 4.75 inch long pump should have a potted motor stator

well-balanced rotating assembly, and utilize the f10w1ng fluid for
motor cooling.

The Hamilton Standard axial flow fan performance and noise calculation
program shows good correlation between measured and estimated aero-
dynamic noise sources for these small ventilation fans.

None of the fan noise estimating methods investigated in this study
were directly useable. Of the many methods, the Allen, ASHRAE, and
Buffalo-Forge methods appeared the most promising. The Buffalo-Forge
method was modified by a speed correction to arrive at the Empirical
Fan Noise Estimating Procedure. This method is a good tool for quickly
obtaining a reasonable noise estimate and obtaining noise trends with
design and operating parameters.
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RECOMMENDATTIONS

On the basis of the work conducted under this program the following
recommendations are made 1if further development of axial fans is undertaken.

e The Hamilton Standard Axial Flow Fan Noise and Performance Calculation
Computer Program should be used to refine the axial flow fan design
for the Space Shuttle application. Additional variation of parameters
such as blade twist distribution and blade camber distribution should
be included. The goal should be to achieve the required Shuttle fan
performance with noise generation characteristics requiring no further
sound suppression, and without significant weight and power penalty.

The results of this study should be incorporated in the Shuttle cabin
fan concept. ’

® A breadboard fan should be fabricated in accordance with the final
Shuttle cabin fan concept. It should have removable blades and stators
to allow fan configurations having various geometries to be tested.
The geometrical modifications should include serrated leading edges,
porous surfaces or portions of porous surfaces.

® A performance and noise level test program should be conducted on the
breadboard Shuttle cabin fan, Several inlet configurations including
long inlet ducts and inlet flow straightening devices, and various rotor
to stator spacing should be tested. The test program should correlate
the predicted noise and performance values with the values obtained from
testing, to verify and if necessary improve the quantitative predictive
capability.
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NOMENCLATURE

A, = Blade Area ~ ftZ
B = number of rotor blades
BFI = Blade Frequency Increment
BLC = Boundary Layer Control
Btu = British thermal unit
C = Chord length ~ ft
cfm = flow ~ cubic feet per minute
C, = Chord length ~ ft
Co = speed of sound in atmosphere ~ fps
CSM = Command Service Module
D = tip diameter ~ inches
Dp = ball diameter ~ inches
dB = decibel

I = Inergy flux (Btu/scc x th)

e
s
S~
o
wn
]

Environmental Control/Life Support
E_ = force ~ pounds
fps = feet per second

f = frequency ratio

AL
#

feet

HP = Fan Input‘horsepower

-
=
[}

hour

Hyp = Total enthalpy at the temperature T of the gas leaving the
compressor ~ Btu/hr '
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NOMENCLATURE (Continued)

Hz = Hertz
ID = inmer diameter ~ inches
IGV = Inlet Guide Vanes
in = inch
K = Constant Integer (- « to + e« range)

k =w/c, = ft!

o
o
i

pound

IM = Lunar Module

M = harmonic number

m = méss of body ~ slugs; also meter
mm = millimetér

N = rotation speed ~ rpm; also Newton
Ns = specific speed ~ rpm

n = number of balls

NC = noise criteria

0D = outer diameter -~ inches

i

P = Pressure ~ psia (total pressure = static + dynamic)

PAM = pulse amplitude modulation

1A

PLV = Postlanding Ventilating

PNdB = Perceived Noise ~ dB

PPM = pulse position modulation

psi = pounds per square inch
psia = pounds per square inch absolute

PWL = sound power level ~ dB
10
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NOMENCLATURE (Cont inued)

Q = displaced volume of the body being excited ~ £t3

Ql = accession or_entrained volume of the fluid being
excited ~ ft

Qq = fan discharge flow ~ cfm

el
1]

distance from noise source ~ ft
rpm = revolutions per minute
rps = revolutions per second

S = rotor annulus area ~ ft2

sec = second

SPL = sound pressure level

T = total temperature ~ degrees Rankine
t = airfoil blade maximm thickness ~ ft
V = number of stator vanes

Vy.7 = Blade velocity at a diameter equal to 0.7 times the tip
: diameter ~ fps

VAC = voltage alternating current
VDC = voltage direct current
Vt = rotor tip velocity ~ fps

wall velocity ~ fps

z:<
I

w= mass flow per unit time ~ 1b/sec
a= Blade Angle ~ degrees

&y = Blade Chord Angle ~ degrees

b
law)
i

change in pressure ~ inches water

11
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NOMENCLATURE (Concluded)

6=hub - tip ratio

©= Blade Twist. Angle ~ degrees

m= Constant = 3.14159
fy = density of environmental atmosphere ~ slugs/ £t3
= rotational speed ~ radians/sec

CENTRIFUGAL TYPE FAN OR PUMP:

FORWARD CURVED BLADE

BLADE ___ };‘i‘gg___ DIFFUSER/STATOR
T =

BELIMOUTH.____ | \
e e |\

. STATOR GAP HOTOR

FAN AND PUMP NOMENCLATURE

12
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APOLLO FAN, COMPRESSOR, AND PUMP NOISE EVALUATION

The first phase of the Fan and Pump Noise Control Program consisted
of acoustic noise tests, conducted on two water-glycol pumps, three axial
fans, and two air compressors to serve as a basis for evaluating the noise
sources in small pumps, ventilating fans, and compressors. The data from
these tests, properly analyzed, were to be used to identify the types and
origins of the various noise sources in these devices and to verify the
capability of noise prediction methods. Thus, measurements of pump case
radiated noise levels and fan and compressor inlet and exhaust noise levels

were made in the acoustic far-field to determine the acoustic power generated
by these items.

All data was analyzed by 1/3 octave bands. Narrow-band frequency analyses
were made for selected conditions to aid in interpreting the noise components.

Measurements also were made of the noise from an isolated pump motor and
an isolated fan motor to assess the mechanical and electro-mechanical noise
sources of the driving motors.

TEST DESCRIPTION

The test program was conducted in accordance with the detailed Plan
of Test for Test No. 1, contained in Appendix C.

Test Item Description

Two water-glycol pumps, three fans and two air compressors were tested
in this program. The pumps consisted of the IM ECS glycol pump and the CSM
ECS glycol pump. The three fans tested were the IM cabin fan, the CSM cabin
fan, and the CSM PLV fan. Lastly, the two Apollo program air compressors
tested were the IM and CSM suit compressors.

The IM ECS glycol pump is of the sliding vane type driven by a brushless,
28 VDC motor, whereas the CSM ECS glycol pump is a radial blade centrifugal
pump driven by a 400 Hz, three-phase motor.

A1l three fans are of the axial flow type. The CSM cabin and PLV fans
are low tip speed design, with four and three rotor blades, respectively.
Both fans have five stator vanes. The IM suit compressor is a radial blade
centrifugal unit and the CSM suit compressor has a radial rotor with a mixed
flow stator resulting in an axial outlet.

13
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Test Facility Description

All testing was done in Rig #14 of Hamilton Standard's Space Systems
Department. This pressure chamber, of approximately 216 cubic feet of
volume, has all surfaces treated with open-cell polyurethane foam to pro-
vide an essentially free-field environment over the frequency range of
interest at the source-to-microphone distances used for the measurements.
The chamber consists of two cylinders joined together with the dimensions
shown in figure 1. The free volume of the larger diameter section is
approximately 145 cubic feet and 71 cubic feet for the smaller section.

Since the case radiated pump noise was of prime interest, the whole
volume of the chamber was used in testing the pumps. However, it was
desired to isolate the inlet and exhaust noise components in the fans and
compressors. Thus, the chamber was modified by the installation of an
acoustically insulated plywood partition to divide the chamber into two
sections as shown in figure 4. The partition also served as the fan system
pressure regulator. The fans were installed in the partition such that the
inlets were in one section and the exhaust in the other.

Background noise in the chamber was at an acceptable low level for
all testing. For the very quiet pumps the chamber background noise did
predominate below 500 Hz. However, as can be seen in figure 40 the absolute
level was below NC-30 and was therefore not significant.

Test Description

The pumps were tested at ambient pressure.  Tor these tests, the pumps
were cach suspended at the approximnte conter o the chamber by Bungoe cord.
Acoustic norse measurenents were nade over o 180 degree arc, from 0 to 180

degrees, at 20 degree intervals, at a two foot radius. The locations of the
pumps and microphones are shown in figure 2. The pump operating conditions
are summarized in Table I.

The IM cabin fan and suit compressor were tested at 5 psia, while the PLV
fan was tested at 14.7 psia. The CSM cabin fan and suit compressor were each
tested at 5 and 14.7 psia. Each fan and compressor was installed in the ply-
wood divider separating the two halves of the chamber using vibration isolators.
In the case of the PLV fan, the IM cabin fan, and the CSM cabin fan, the pres-
sure drop from one side of the chamber to the other was matched to the fan
design condition. In the case of the two compressors, where high pressure rise
was required at low flow in the compressor circulation loop, woven fiber metal
was used to adjust the pressure drop. Due to the low flow velocities and
uniformity of the material, no distorting of inflow was present at the fan
inlets.

14
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To ensure uniform inflow to all the fans and compressors, generous
bellmouths similar to the one shown in figure 3 were used on the inlets.
Two tests were run on each item. The first test had pressure probes in the
inlet bellmouths to determine the flow by measuring static and dynamic
pressures at the item inlets. These pressure probes then were removed and
the test repeated while the noise measurements were made.

The fan test conditions which were run are summarized in Table II.
The noise was measured at six locations, from 7.5 to 82.5 degrees in 15
degree increments, along an arc two feet in radius, for the inlet and outlet
configuration, as shown in figures 4 and 5. The signals from the microphones
were recorded on magnetic tape for later evaluation.

Later in the analysis, it was suspected that the motor noise was con-
tributing to the measured noise levels of the pumps and the PLV fan. There-
fore, abbreviated tests were conducted on the IM pump motor and the PLV fan
motor in which full octave bands were measured, then integrated into octave
band sound power levels for comparison with the total item noise levels.

DATA REDUCTION

All the data was reduced by 1/3 octave bands. A sample plot is shown
in figure 6. The data from the microphones then was integrated to give
inlet and exhaust 1/3 octave band sound power levels for the fans and com-
pressors and case radiated 1/3 octave band sound power levels for the pumps.
Also, the 1/3 octave band sound power levels were summed into full octave
band sound power levels. The tabulated 1/3 octave band sound pressure levels,
1/3 octave band sound power levels, and octave band sound power levels are
included in Appendix B.

Narrow band frequency spectra of pump noise were determined for one
representative microphone location (120 degrees) to identify the noise com-
ponents. These were determined also for the fan and compressor inlets and
exhaust noise signals, at 52.5 degrees for the inlet and 67.5 degrees for
the exhaust.

DISCUSSION OF TEST RESULTS

Pump Noise

Figure 7 shows the 1/3 octave band power levels of the case radiated
noise of the IM and CSM pumps. Although there are minor differences in their
respective spectra, the noise signatures of the two units are remarkably

@ Note that 67.5 degrees on the exhaust corresponds to an angle of 112.5
degrees relative to the inlet axis. This is seen readily in figure 4.

18






SVHSER 6183

DIVISION OF UNITED AIRCRAFT CORPORATION
n ®

Hamilton
Standard

A 89. . - 9L 9L - (v)gp ~ ersd L°yT PUB 3F ¢
38 1TdS efexeay
8seyqd ¢ eseyd ¢ aseyd ¢
ZH Q0%‘OVASTT | 2H 00t ‘OVASTIT | ZH 00% ‘DVASTI J0A 82 004 82 JTA 87 82N05 Iemod
- - 0S¢ zZhs 0gt 01, (sd3y) peeds diL
- - 00022 000°%2 052°92 000°S7 (udz) peedg
8sT 8cT S8 LyT 86 091 _ (s33Em) 1amod
0°s 0°s 0°s 0§ 0§ 0°s (e1sd) “vd
2 0T S*01 001 9°¥1 9'¢T 0°ST (0% sewur) dv
Lz LZ 5¢ - - L2z (wz2) motd
3So1. Isneyxyg 1S9 1eTul 1s9], Isneyxg | 359, 39Ul
FicE ) udtsaq TEN3oy udtseQ k
= J0SSTANDD LINS WSD H0SSAIdN0D LINS W1 EERE VA
£g - 5§ - SL - (v)gp ~ e1sd L ¢yT PUB-3F ¢
18148 -9Sereay
aseyd ¢ sseyd ¢
OaA 82 | DaA 82 | ZH 00y OVASTT | 2zH 00% ‘DVASTE | 2aA $2 J0A 82 801108 1oMOd
06 0Z1 8¢cT aas 907 $17 (sdz) peedg drL
001*¥ 00s°s 00501 000°TT 009°71 000°¢T (wdx) pesds
Z'81 L1 0Z 0z 82 08 (s33EM) Zomod
L*¥T LvT 0°S 0°S 0°s 0°s (ersd) Tq
70 - 7°0 ST0 770 7°0 70 (0% seyputr) av
0ST 0sT LL 98 44 % £81 (wgo) Moy
Ten3oy w1seq Tenoy uStseq Tenyoy udtsaq
Nvd ATd NV NISVD WSD N4 NISVD W1 YALIAVIVd

AIVWNNS VIVAD ISHL JOSSHIANOD ANV HDNVIOLIHd Nvd

IT HI9VL

20



SVHSER 6183

Re

DIVISION OF UNITED AIRCRAF T CORPORATION

Hamilton
Standard

¥ RNOII
dNIAS ISAL SION Nvd

aanssaxd [e3I0L = 3d
ainssaxd OT3eIS = Sd
dusl, = [

NOIINHNMILSNI INAWHINSVAW SHIVOIANI

SPO FUSUWSINSBIN
OSTON 39TU] UT UMOYS ST UBJ :9310N

YHIWVHD LSHL
¥1 D14

ONILLSHL Nvd ¥0d
@gsn NOILIINVd

...........

WvO0d4 DILSNOJV
HONI ¢

Jd0d TINSSTId
AVE dHIWVHD

e R

SNOIIVOO1
HNOHJOYD IN

21



S HINOId

| JHIWVHD LSHL HDVdS NI

c

-

DPASION. OF UNITED AIRCRARY CORP

Hamilton
Standard




- -

9" HIMOIL
SISKTVNV aNVE HAVIOO ¢/T TIdWVS

24 NI ADNINDIYA H3INID ONVE-IAVLIO-OHIHL -
N Y N9l NOL NE9 MOy MG N9l MOl DE3  oob DSz 091 o0b €9 Oy &2

- i - B [ SRR S R SR AN N A JS NN S )

v lequiNa’ — SO s s SRR Dol S SRS U A s G KR S (s S wls Wt s e ——1
99§ QT eyl uojjesdayu) = :

0T

SVHSER 6183

i ASU IO SRS DU SO N ﬁ 11 w.Jiw.T»t(T, Tf‘ﬁﬁll . —

88 07 9geds ing , 1 o e e N B

b R USIESN SN SN WD RN S NP N U S O SRR S

- A R T, S 0¢

U N I R A I S SR

S VU N AN BN U S RS B B
RN (N IS N ‘ JENY PN R U N NN G B
e . - N SN N R AN A N St

JESN I I I S I N N S ]

{
T
|
s
{
|
f
!
=
|
|
)
1
I
i
|
|
{
{
]
t
N
<Q
[ag]

J 5 S R i S S T 1 b § . i
N e e S Sl s o S o S S

G2/1-28 "33 ¢ o e oo e e

uoije207 MW N B IS R N - et I S

[
<

- ﬁ.i: -4 o B L . P A

B . NESRRE SN SN SR N T R

S e MR v e mE—— . . -—————
- e e e e e . e e A

res N --

Nvd ATd ot Mw,ﬂﬂuuﬂu u_LJ E mL,T‘,.; 5 S S e O e

1
4
;
)
1
j
H
<
;
BB
,
)
FEE|
B
‘[‘
b
T
.
i
.
3
,
b
i
4
-
i
|
L
1
1
i
T
,
1
!
o}
I
[
g
T
|
)

f=)
wn

SISATUNY e e e e S O S 0 e e R T (S O O O e s e = e =
ONYE-IAVID0-QWIHL (- T4 bl b ET b L e
o 5 e e S el S S S e e e i s e A WY D A TS SO s s s et o it
oot bbbt et Al Il s o e

NOULYROUNOD LAVEIRIY QELINN 4O RN S —_ -

09

n A ﬁ s S A A = ﬁ B T W % R T T e
piepuelg S Tl o R
uojjivueH e e e et T 7 T+ B (R R S N ‘ -

B B L ADUUNIS VUSRS TSN DR SR g -

e s S B 1 F S s s s S B oL

L1

23

zW/N 02 31 gp 73A37 JUNSSIUd ANNOS

'SSYW ‘GHOONOD 1S3M 'ANVANOD OIOYH TVHINID HIZATYNY 3WIL TvaH 1264.2 H30HOO3W 00 2251 HLIM 3SN HOL4 £006-22S51 JHVHD



SVHSER 6183

L NOIL

dind WSO

dind WT ———

— ava—" —

jo isayg poyiow sisAjpuy
*ON UOHIDILJ1UGP) Ag pesApuy
"ON |o9Y uolind0] W

*ON uny e4ng 150}

HSION dANd QHIVIAVY HSYO U

SISATVNY

anNvid JAV1ID0

L] nnoot;“i DLING, SO NOISIAG Emucaﬁm
N uojwieH

oL

. - ,,
313 594198 ' SjuaiiI0g aiiHl INO
, , Z1Y3IH ‘AININDIYS Y3ILNID ,
> v 00SIC 0000Z QOSZl 0003 0005 OSIC Qo0z OSZL 008 00s  &ie oo szl 08 s e oz Su
NI € 0000y 000SZ 00091 000OL OGS ©00OF 00SZ Dosi 0001 068 ook ST DL o g8 OF 2 o
\-\ ‘\ <
T V4

— 7 7 7N 38V 4 X

T i 7 1 N2 /4 \Y

T T wa i 11— 1 1)

. N\ 7 —N~ b AN

” 1 : —- £ —\\ S, V4 y 4 —r

1 y4 AJ OO

T 1 z

1 a N V4

T T L y. -~ pa

T ¥ 4 AN

T A

T

L)

i

ras

ol od o]

ne-at

ot ] o aofi | d o for] oo d o ol e ] = Fen] o] o ] ek

=
[
P

08

—’)
13BM ¢1.0T 91 gp [OAST JoMOod PuUnog

o] o] = of ] i

bl of o | o ] fomf o an fe] ot ] o od g i

24



Hamilton U SVHSER 6183

DIVISION OF UNITED AIRCRAF T CORPORATION

Standard RAes

similar, even though the LM pump is of the sliding vane type operating at
5,500 rpm and the CSM pump is the centrifugal type operating at 22,000 rpm.

To better define the noise components, a 5 Hz bandwidth frequency analysis

was done for the noise signal from each pump at 120 degrees azimuth. These
analyses are shown in figures 8 and 9. Several tones are immediately identifi-
able. In the case of the IM pump, there are four vanes, and with a shaft speed
of 5,500 rpm this produces a vane passage frequency of 367 Hz. This tone can
be seen in figure 8, along with several harmonics. In figure 9, a tone in

the vicinity of 367 Hz may be seen also in the CSM pump noise spectrum. This
corresponds to the rotational speed and thus is expected to be due to imbal-
ance. Several harmonics of this tone can be distinguished. The remaining
tones are more difficult to identify, but from subjective listening tests of
the CSM pump motor, it was concluded that the total pump noise is due primar-
ily to the noise of the motor. This observation is consistent with the
spectrum shown in figure 9, which shows noise components associated primarily
with motor imbalance and bearing noise.

The LM pump noise frequency spectrum shows somewhat fewer tones than does
the CSM pump noise, and these, or at least the dominant ones, appear to be
related to the pump rather than the motor. To verify the motor noise contri-
bution to the total LM pump noise, a test was run to measure the pump noise
with the impeller disconnected. Figure 10 shows the comparison between the IM
pump noise and the LM pump motor-alone noise. It is seen that the motor-alone
noise levels are significantly lower than the total pump noise levels and
therefore do not contribute to the total pump noise.

It appears that the CSM pump noise levels are due primarily to motor
noise, whereas the IM pump noise levels are due to the sliding vane assembly.
Therefore, it is anticipated that the motor will be a major noise source in the
small quiet pumps which will be used on future spacecraft, especially since
small size and light weight dictate the use of relatively high speed umits.

Axial Fan Noise

Figures 11 through 14 show the inlet and exhaust 1/3 octave band sound
power levels for the IM cabin fan at 5 psia, the PLV fan at 14.7 psia, the
CSM cabin fan at 5 psia, and the CSM cabin fan at 14.7 psia, respectively.

The IM cabin fan sound power levels, shown in figure 11, exhibit several
tones. The blade passing fundamental, calculated to be in the vicinity of
2300 Hz, is quite apparent. Also, the second and third harmonics can be
distinguished. These tones appear to originate at the stator, since they are
much stronger in the exhaust noise than in the inlet noise. Figures 15 and
16 show narrow band frequency plots for the IM cabin fan inlet and exhaust
noises, respectively. The fundamentals, second harmonic and fourth harmonic
are apparent in the inlet noise, whereas a stronger full complement of tones
may be seen in the exhaust noise. The remainder of the signals appears to be
a broad barid noise peaking in the vicinity of 7000 Hz.
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The PLV fan noisc, in figure 12, does not show any significant tones.
Narrow band plots, figures 17 and 18, show tones on the inlet at approximately
1050 Hz and at approximately 7250 Hz. The tone at 1050 Hz corresponds to the
fifth harmonic of blade passing frequency. The component at 7250 Hz cannot be
identified with any aerodynamic noise source. The PLV exhaust noise appears
to have more tones, most of which do not appear related to blade passing
frequency.

The CSM cabin fan noise, shown in figure 13 for the data at 5 psia and
in figure 14 for the data at 14.7 psia, does not exhibit strong tones either.
Narrow band plots for this fan operating at 14.7 psia, shown in figures 19 and
20, do not show anything significant, except perhaps for a multiplicity of tones
in the higher frequencies above 7500 Hz. It may be seen also that apart from
some minor differences in the levels of some bands, the sound power spectrum

for this fan operating at 5 psia is the same as the spectrum for the fan operat-
ing at 14.7 psia.

Although these three fans are low tip speed axial units, it is seen that
only the IM fan shows tones at the blade passing frequency. This is because
the first few harmonics of the PLV and CSM cabin fans are below acoustic cut-
off, and thus they do not propagate.

The cut-off phenomenon occurs as follows. The wall velocities, Vj, of the
rotor/stator interaction modes are given by

_ MBV¢
Yo = BB F XY

where M is the harmonic number, V. is the rotor tip velocity, B is the number
of rotor blades, V is the number of stator vanes, and K is an integer which
takes values from -« to +w. If the wall velocities of all the interaction
modes for a given harmonic are subsonic, they cannot propagate efficiently
along the fan duct and are said to be below cut-off.

The PLV fan has a tip speed of approximately 90 fps, three rotor blades
and five vanes. It thus is seen by applying the above formula that the first
four harmonics are cut off. Recalling the PLV fan noise spectra shown in
figures 17 and 18, the lowest tone frequency was seen to be at approximately
1050 Hz, corresponding to the 5th harmonic(i.e. 5 x 70 rps x 3 blades).
Similarly, for the CSM cabin fan, with tip speed of 144 fps, four rotor blades
and five stator vanes, the first three harmonics are cut off and would not be
expected to propagate.

The IM fan, however, with a higher tip speed and with eleven rotor blades,
has none of its harmonics cut off.
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It thus was concluded that on a subjective basis the IM fan would
exhibit strong tonal characteristics. The PLV and CSM cabin fans, however,
would not have these characteristics since the lower frequency tones are cut
off and the remaining higher harmonics are low enough in level to be masked
by the broadband noise.

As was mentioned earlier, there appear to be several high frequency tones
in the PLV and CSM cabin fan data which do not seem to be related to aerodynamic
noise sources. Thus other sources of noise were considered. Since it was found
that motor noise was a significant contributor in the CSM pump noise spectrum,
the motor noise from the PLV fan was investigated as the high frequency noise
contributor. In this investigation, the fan motor was operated alone at the
same rotational speed as was measured during the noise data acquisition of the
entire fan. Octave band measurements were made around the motor and integrated
to give sound power levels. Figure 21 shows the '"motor-alone' noise levels
compared to those of the fan assembly. It is seen that the motor exhibits
significant noise levels in ‘the frequency bands above 500 Hz. Since the motor
noise exceeds the total fan assembly noise, it can be concluded that noise
levels are not identical during loaded and unloaded operation. However, these
levels are representative of the motor noise. It thus is concluded that the
high frequency noise levels seen in the spectra from the PLV and CSM cabin
fans are not aerodynamic in origin, but rather are due to mechanical sources,
most likely the bearings.

Compressor Noise Levels

The IM suit compressor sound power levels are summarized in figure 22.
Scveral tones are apparent. The blade passing frequency is calculated to be
5250 Hz. This corresponds to the apparent tone shown in the 5000 Hz band of
the exhaust noise. lowever, no such tones are seen in the inlet noise. Figure
23 shows a narrow band plot of inlet noise. The blade passing frequency is
seen to occur where it is expected. However, there is another strong component
at approximately 3400 Hz which is not a pure tone, since it has a fairly broad
bandwidth. The origin of this signal is not apparent.

The exhaust noise spectrum, shown in figure 24, indicates the presence of
a strong tone at 4850 Hz. Due to slightly different loading conditions on the
compressor, the test speed was 24,000 rpm instead of 26,250 rpm as for the inlet
noise test. The fundamental blade passing frequency for this 12 bladed umnit is
thus 4800 Hz and the fundamental rotational speed of the fan is 400 Hz. As is
seen in the figure, then, the strong tone of 4850 Hz is the fundamental. The
two tones immediately adjacent to the fundamental are separated from the fumda-
mental by 400 Hz. Several other tones may be distinguished at 400 Hz intervals,
down to 400 Hz. These appear to be harmonics of shaft speed. The reason for the
two strong tones adjacent to the fundamental blade passing frequency, is believed
to be due to a modulation effect, where these tones appear as upper and lower
side-bands of the modulated blade passing frequency. The source of this type of
one-per-revolution noise is generally due to severe rotor imbalance or to the
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rotor rubbing once per revolution. It would be expected for a balanced
or non-rubbing rotor that the acoustic spectrum would not show tones at
hamonics of shaft speed. Also, the levels of the harmonics of blade
passing frequency would probably be several decibels lower in level than
those shown in figure 24.

The 1/3 octave band sound power spectra for the CSM suit compressor
inlet and exhaust noise are shown in figure 25. Several tones are apparent
from this figure. The strong tone in the 63 Hz band most probably is due to
power line noise and should not be considered as acoustical noise from the
compressor. A second tone, in the 315 Hz band, is at rotor shaft speed,
and probably is due to rotor imbalance. The strongest tone appears in the
2500 Hz band. Noise at this frequency is not related to aerodynamic sources,
but probably is mechanical in origin and may be due to bearing noise. The
rotor blade passing frequency at 4400 Hz does not appear in this plot.

Narrow band spectra of the inlet and exhaust noises are shown in figures
26 and 27 respectively. In the inlet noise, a narrow band random signal is
seen at approx1mate1y 2600 Hz. The character of this signal is similar to
the one seen in the spectrum from the IM suit compressor and could be due
to noise sources in common to the two compressors such as edge tones or flow
separation at the inlets. The blade passing frequency is seen at 4000 Hz
and a second harmonic may be seen at 8000 Hz. The broad peak centered on
5500 Hz probably is due to vortex shedding. The exhaust noise spectrum is
mainly broadband noise, with the 'bearing noise'" and blade passing frequency
tones distinguishable above the broadband base.
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NOISE ESTIMATING METHODS

In order to design the Space Shuttle fan and pump concepts and perform
subsequent tasks, reliable and reasonably accurate fan, compressor, and pump
noise estimating procedures were required. These procedures fall into two
categories: empirically based and theoretically based. The empirically
based procedures give typical fan noise spectra based on design and operating
parameters. These procedures are of limited accuracy, but do allow quick and
reasonably accurate estimates of standard fan noise. The second or theoretically
based category includes more detailed procedures. The one to be discussed
herein was developed at Hamilton Standard for axial fans. This procedure
utilizes the fan design details, including blade shape, twist distribution, and
other airfoil particulars and can be used to calculate the noise for a great
variety of designs. This procedure is used in the axial fan noise trade-off

study later in this report and for the development of a Space Shuttle fan
design concept.

EMPIRICAL METHODS

Several methods, based mainly on measured fan and compressor noise data,
require only easily available geometric and operational parameters such as
fan type, pressure rise and discharge flow. By necessity, however, these
simple methods are of limited accuracy , since they are representative of an
average of data from many designs and donot take into consideration the details
of blade geometry, vane geometry, airfoil sections used, off design operation,
and so forth. They do, however, offer the means for quickly and easily esti-

mating the noise of a partlcular fan with reasonable accuracy, providing it is
a standard, reasonably well designed unit.

The majority of the methods reviewed provide an estimate of the sound
power level (PWL) of the device, that is, of the total radiated acoustic power.
In these cases, it is assumed that one half of the acoustic energy propagates
to the intake and one half of the acoustic energy propagates to the exhaust.
Thus, inlet or exhaust noise is 3 dB less than the total estimated noise. To
estimate the sound pressure level (SPL), it must be assumed that the acoustic
energy is radiated uniformly in all directions (that is, spherical radiation
for total noise, hemispherical for intake and exhaust noise). The sound pressure
level and sound power level are related by

SPL = PWL -10 log A +10 log pcsK

where A is the area of the sphere; p is the atmospheric den31ty' Co is the speed
of sound;and K is a constant to account for units.
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The resultant SPL for standard atmospheric conditions is given by
SPL = PWL - 20 log R - 10.5
where R is the radius of the sphere in feet.

The noise estimating methods for pumps are based on large marine type
pumps. Since the noise sources for the wvarious geometries designed for

quiet operation are understood, it is practical to rank the designs in order
of increasing noise levels as follows:

centrifugal
diaphragm
screw
sliding vane
gear,

It also has become apparent from the tests conducted in this program
that the motor noise generally dominates pump noise in a quiet d351gn such
as a centrifugal unit. Thus, it is important to include motor noise sources.

Fan Noise Estimating Procedures

Of the several methods reviewed, the following currently accepted fan
noise prediction procedures were considered applicable to this. program.

Aerodynamic'Scaling

This method, although not strictly an estimating method, allows the

prediction of fan broadband noise by aerodynamlc scaling of the data from

a similar fan design. For scaling, Hubbard(1) assumed that the broadband
noise level varies as a function of the blade area and as the sixth power
of the tip velocity. Also the frequency spectrum, retaining the same shape,
is shifted in frequency by the ratio of velocities and chord lengths, where
higher velocity and smaller chords raise the frequency. Thus the scaling
parameters are:

~ Ve A
AdB = 60 1o V————-—"‘lOlO
v § Viret ¢ BB ref
f ratio = __'t .'C'Tef
Veyes 4

Numbers in parentheses refer to the work listed under references.
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‘ Allen Method

Allen's Method (%) for predicting centrifugal and axial compressor
noise requires any two of the following three parameters:

1. Input power (HP, horsepower)
2. Static pressure rise (AP, inches of HZO)
3. Fan discharge flow (Qd, in cfm)

This scheme, which has a ¢laimed accuracy of * 4 dB for conventional fan
designs,predicts PWL from the appropriate equation:

1. PWL = 103 + 10 log HP + 10 log AP
2. PWL = 68 + 10 log Q4 + 20 JogAP
3. PWL =138 + 20 log HP - 10 log Q4
The octave band spectrum then can be found from the appropriate curve of
figure 28.
FIGURE 28
'SOUND LEVEL SPECTRA OF CENTRIFUGAL AND AXTAL - FLOW FANS

AXTAL
FANS

-108

-20 4

CENTRIFUGAL FANS

-30

OCTAVE BAND PWL
dB re OVERALL PWL
Q

-40

63 125 250 500 1K 2K 4K &K

OCTAVE BAND CENTER
FREQUENCY Hz

51



Hamilton . Y _ . . SVHSER 6183
Standard Re

ASHRAE Method
This method, presented in the ASHRAE Guide and Data Book(s), estimates
noise from several centrifugal and axial fan designs operating at or near
their point of peak efficiency where the noise levels are at a minimum.
Table III presents the octave band base sound power levels for typical
types of ventilation fans. These levels are referenced to three foot

diameter fans operating at a rotational speed of 1000 rpm and are adjusted
to the specific fan diameter and rotational speed, N, by

AdB = 50 log %)‘0%‘)‘ + 20 log %

where N is in rpm and D is the fan diameter in feet.

In addition, 5 dB are added to the PWL in the octave band where the
blade passage frequency occurs.

Buffalo-Forge Method

This procedure is based on the characteristic noise spectra of a number
of typical fan designs including centrifugal and axial types(4). These
characteristics are presented in Table IV as baseline octave band levels for
each type of fan. The colum titled BFI is the 'blade frequency increment',

which is intended to account for the presence of the blade passing frequency

tone. This increment is added to the octave band in which the blade frequency
falls.

The base octave band levels of the fan are then adjusted by
AdB = 10 log Qg + 20 log AP

to the specific fan operating conditions.

Sowers' Method

To evaluate the sound power level, Sowers (5) plots a normalized level
given as

PWL - 10 log (§§_’>.62 ,

against an energy flux E, equal to the total energy of the air leaving the
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compressor stage per unit time and per unit area, where

E-_-.HTOV:I

as shown in figure 29 where

PWL = sound power level ~ dB
S = annulus area ~ ft
w = rotational speed ~ radians/sec
B = number of rotor blades
0 = hub - tip ratio
Hyp = total enthalphy at the temperature T of the gas
leaving the compressor ~ Btu/1b
T = total temperature ~ degrees Rankine
w = mass flow ~ 1b/sec
E = energy flux ~ Btu/ft? - sec.
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TABLE 111

SVHSER 6183

» RASE SOUND' POWER LEVELS FOR VARTOUS TYPES:OF FANS IN DECIBELS RE 10713 warr

.

3

BASE SOUND POWER LEVELS, dB re 10°15 vt

TYPE] DIAGRAM DBESCRIPTION APPLICATIONS OCTAVE BAND CENTER FREQ :
63 | 125 | 250 | 500 | 1000
C-1 Centrifugal fan with back- | 1. General ventilation and
wardly curved airfoil alr conditioning.
blades. 2, Industrial applications 107 1104 {102 100 | 98] 95 92 90
where corrosion, ero- N
sion, or dirt is not a A
major problem.
C-2 ) Centrifugal fan with back- | 1. General ventilation and .
wardly curved or sloped, air conditioning. . =
| single thickness blades. 2. Industrial applications 107 {105 {103 1104 | 103 28 94 | 89
where corrosion, ero- '
sion, or dirt is not a
major problem.
C-3 Centrifugnl fan with single! 1. Used principally for in-
thickness blades with for- dustrial applications
ward curved heel and radial where medium to high
or nearly radial tip. pressure requirements 118 {114 {104 | 102 | 100 98 99 97
must be met. May be .
) used in moderately
dirty applications.
C-4 Centrifugal fan with single]| 1. Industrial applications
thickness radial blades. where corrosion or ero-
Blades are relatively short sion is a problem, or 4y
in divection of air flow. dust loading is very 113 | 113 {106 | 1061 103 98 95 - 94
heavy. Also used ‘in con- ¢ .
veying systems where
material wgasses through
the fan wheel.
C-5 Centrifugal fan with single| 1. Industrial applications .. :
thickness radial blades. where relatively small 124 | 121} 1141141 110} 107 104} 163
Blades are relatively long volumes at high pres-
in direction of air flow. sure are required. N
C-6 Centrifugal fan with single| 1. General ventilation and 1
thickness blades curved gir conditioning for low | 126 {122 | 116|111 110] 108 | 103| 98
forward at both heel and pressure,high capacity
tip. requirements
A-1 Axial fan with relatively 1. Designed to meet re-
+ long blades and small hub. quirements of high ca- 102 1103|102 | 101 101 98 94 90
pacity at very low pres-
sures.
A-2 Axial fan where hub is 1. General ventilation or
ubout 50 percent of fan tip air conditioning.
diameter. 2. Industrial applications 106 1103|107 | 1061 1041 100 96 95
where corrosion, ero-
sion, or dirt is not a
major problem.
A-3 Axial flow fan with rela- 1. Industrial applications
tively short blades and where requirement is 100 | 96100} 103| 103 98 93 91
large hub. for high pressure at
-medium capacity.

Reprinted by permission ASHRAE, Guide and Data
to account for change in reference level from 10~

watt to 10-13 watt.
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TABLE TV

SPECIFIC SOUND POWER LEVELS (re 10-13 watt) AND BLADE
FREQUENCY INCREMENTS FOR EANS OF VARIOUS TYPES

- OCTAVE BAND CENTER FREQUENCY, Hz

FAN TYPE 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 |8000 | BFI
Centrifugal, .
airfoil blade 45 45 44 42 41 36 28 2013
Centrifugal,
backwardly »
curved blade 45 45 44 42 41 36 28 20 | 3
Centrifugal,
forward curved
blade 50 48 48 44 38 34 31 25 | 2
Centrifugal,
radial blade 58 55 53 53 48 43 40 39 | 5-8
Tubular
centrifugal 56 53 53 48 47 42 38 35 | 4-6
Vaneaxial 52 49 51 52 50 47 45 35 | 6-8
Tubeaxial 54 52 56 54 52 50 47 40 | 6-8
Propeller 61 58 59 | 57 55 55 53 41 | 5-7
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Motor Noise Sources
The estimating procedure for motors is based on a calculated velocity
level associated with system imbalance. These imbalance forces are assumed
to drive the entire assembly in some shell mode of radiation.  The model
assumed here is that of the force applied to a body immersed in a fluid.
The power radiated by such a body is given by McLachlan(0) as
\ A

| 2
w
PWL = 10 ‘log 1-36<ES> Fo? fa+qt \|+ 130
12w fo Co m . Ql
Po

where ¢, is the speed of sound in fps, F, the force in pounds, m the mass _of
the body in slugs, Q the displaced volume of the body being excited in fts, Q1
the entrained volume of the fluid being excited in ft3, the density of the

environmental atmosphere in slugs/ft3 and ¢ the rotationa? speed in radians
per second.

‘The determination of the force due to dynamic unbalance is based on the
measured or specified maximm allowable imbalance. This force, F,, is applied
to the entire radiating body at the fundamental rotational frequency.

Other sources of descrete tones are:

Vane frequency; ,

Bearings - Ball frequency, train frequency, imner race frequency,
outer race frequency;

Motor slot frequency.

Bach of the above sources will have a fundamental and perhaps several
harmonics depending on the sharpness of the pulse generated.

Bearing frequencies are calculated from

| W, 5 :
Train frequency = —Z;D :76D x rotational frequency

0D ID
_ + +
Ball frequency = Z ;:. "8 (train frequency)
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First race frequency (rotational frequency - train frequency) (n)

[

Second race frequency = (train frequency) (n) ,

where ID is the race immer diameter, OD is the race outer diameter, Dy is the
ball bearing diameter, and n, the number of balls.

Correlation with Apollo Hardware Data

In order to asses the applicability, relative accuracy, and absolute
accuracy of the estimating methods described above, a correlation was made
of estimates and the data obtained on the Apollo fans, compressors, and
punps. It is apparent from the development of some of the estimating pro-
cedures that they are based on relatively large ventilation fans, and that
similar levels and frequency envelopes might be predicted, but with the
frequency axis displaced. Therefore, frequency scaling-parameters were
investigated also as a means of improving the estimates.

Fan Noise Correlation.

Figure 30 shows the PLV, CSM cabin, and IM cabin fan noise levels
nomalized to PLV fan parameters using the aerodynamic scaling procedure
previously described on page 50. Note that the fan inlet and exhaust noise
levels were summed into total noise levels for this figure. Also, the CSM
and IM cabin fans were adjusted in level and frequency to account for the
differences in their geometries and operating conditions compared to those
of the PLV fan. The correlation in the mid frequencies (i.e. between 400 and
2000 Hz) is seen to be within about 10 dB. If the fans were geometrically
and aerodynamically similar and the data correlation scheme exact, the normal-
ized spectrum from each fan would collapse to a single curve. This is not
quite the case. In fact the CSM fan and IM fan high-frequency noise are both
low. Also the tones which dominate the IM fan noise spectrum are, of course,
not predicted.

Figure 31 shows estimates made using equation 2 of the Allen method for
‘the three axial fans. This fan estimating method and others assume that the
fans are operated on standard day, sea level conditions where the density, p,
is constant. However, both the IM and CSM cabin fans were tested at 5 psia
ambient pressure. Thus the normalized sea level pressure rise to be used
in the estimates should be adjusted by the ratio of 14.7 to 5 psia. This
effectively appears as anoise level adjustment of 9 dB ( i.e. 20 log 14.7 ) .

The estimated IM and CSM cabin fan noise levels have been adjusted by 9 dB
to account for the ambient pressure difference. As may be seen from the results

in figure 31, the IM cabin fan noise levels are underestimated, while the PLV
and CSM cabin fan noise levels,are overestimated. ‘
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Better agreement could be obtained by shifting the Allen estimates
up in frequency. This would be consistent with the estimating method since
it is based on larger fans which have lower frequency noise components than
the small Apollo fans. However, even with a frequency shift, the levels are
not adequately estimated.

Figure 32 shows the correlation given by the ASHRAE Method. Although
the method tends to overpredict, the predicted trends are in fair agreement
with the test data. Again, better agreement could be obtained by shifting
the estimated levels up in frequency.

Figure 33 shows the predictions made using the Buffalo-Forge method
and adjusting the IM and CSM cabin fan levels by 9 dB to account for the
reduced test ambient pressure. Again, a significant improvement could be
achieved by shifting the estimate in frequency to account for the smaller
fan size. A frequency shift, as described in step 3 of the procedure defined
on page 09, was applied to these estimates and the results are shown in
figure 34. The agreement between measured and estimated levels for the PLV
and CSM fans is seen to be quite good. The IM fan noise, however, is under-
estimated by the method. This should not be too surprising, since this fan
has a very small rotor-stator spacing and the combination of 11 blades and
12 vanes gives rise to strong interaction tones which propagate out the duct.
This design certainly is not typical of a low-noise design where such close
proximity of the stator assembly to the rotor would be avoided.

Compressor Noise Correlation

Figure 35 shows a comparison of estimated and measured PWL for the CSM
and LM suit compressors using the Allen method. Since both units were tested
at 5 psia, 9 dB have been added to the estimates to adjust the head rise
correction. It may be seen from figure 35 that the levels are significantly
overestimated at the low frequencies and that the spectrum shapes are not well
represented.

Figure 36 shows the CSM and LM compressor estimated levels using the
ASHRAE guide method. This method also appears to over predict significantly.

Figure 37 shows the compressor noise estimates using the Buffalo-Forge
method with the ambient pressure adjustment. Correlation with the IM high
frequency noise is good, although the low frequency noise is over predicted.
Correlation with the CSM compressor data is not as good, but suggests a
frequency scaling to shift the estimated low frequency band levels upward to
adjust for size difference. Figure 38 shows the reestimated levels using the

Buffalo-Forge method with frequency adjustment. The agreement is seen to be .
much improved. :
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It thus is concluded on the basis of this correlation that the Buffalo-
Forge method with a frequency scaling parameter based on umit rpm gives the
best correlation with the Apollo hardware test data. To avoid confusion in
further sections this new, improved method has been_named the Hamilton
Standard Empirical Fan Noise Estimating Procedure. @

Hamilton Standard Empirical Fan Noise Estimating Procedure

This procedure, which is an improvement on the method in reference 4,
allows the estimation of the noise from typical fan designs, including
centrifugal and axial types. The procedure is applicable only to fans
using best state-of-the-art design and manufacturing practice. Poorly
designed machines will be inefficient and therefore noisier than predicted
by this method.

Present state-of-the-art squirrel cage fans in the size range of con-
sideration have efficiencies of about 50 percent. The unrevised Buffalo-
Forge base sound levels, as shown in Table IV, are for large fans with over
70 percent efficiency. For this procedure, these base sound levels have
been revised in Table V to reflect a 50 percent efficient squirrel cage
fan. Data for only those types of fans tested under this program are shown
in this table.

The steps required to obtain a fan noise estimate are as follows:

Step 1. - A reference octave band spectrum is obtained from Table V
based on the fan type.

Steg 2. - A frequency scaling parameter is calculated by dividing the |
fan rpm by 1000 rpm.

Step 3. - The spectrumn from step 1 is shifted up or down in frequency
according to figure 39 using the frequency scaling parameter obtained in
step 2. Note that in shifting up in frequency by, for example, one octave
band (frequency scaling parameter between 1.41 and 2.83) the 63 Hz octave
band of the reference spectrum found in step 1 becomes the 125 Hz band, the
125 Hz band becomes the 250 Hz band, etc.

Step 4. - If the frequency shift from step 3 is up in frequency, the
missing octave bands are filled in using a slope of minus 6 dB per octave.
Therefore, if the spectrum was shifted 2 octave bands, the value of the missing
125 Hz band takes on the value of the 250 Hz octave band minus 6 dB and the missing
63 Hz band becomes the value of the 250 Hz band minus 12 dB.

CI} Thils procedure was recommended by Bolt Beranek, and Newman, Inc.,
under contract to Hamilton Standard.
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TABLE V

SPECIFIC SOUND POWER LEVELS (re 10713 watt ) AND BLADE
FREQUENCY INCREMENTS FOR FANS OF VARIOUS TYPES

OCTAVE BAND CENTER FREQUENCY, Hz

FAN TYPE 63 125 250 500 1000 2000 4000 8000 | BET
Squirrel Cage (:)50 48 48 44 38 34 31 25 2
Centrifugal,
forward curved
blade @40 | s1 | s2| a9 a7| 43| s0| 35| 2
Centrifugal,

~radial blade 58 55 53 53 48 431 40 39 5-8
Vaneaxial 52 49 51 52 50 47 45 | 35| 6-8

(D Used for comparative studiés in this report.

(@ Revised to account for lower-expected efficiencies from 5 to 8 inch
diameter (rotor) units.

Step 5. - An adjustment, to account for the operating condition of the
fan is ca Lulated from

AdB = 20 log AP + 10 log Qg

where A P is the fan static pressure rise in inches of water and Qg is the

fan discharge flow in cfm. This adJustment is added to each octave band
level in step 4.

Step 6. - The blade passing frequency, given by
BPF = rpm x number of blades/60

is computed. The blade frequency increment (BFI) from Table V is added to
the level of the octave band spanning the blade passing frequency. Octave
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band upper and lower frequencies are given in Table VI.

NOTE: The BFI for axial flow fans should be added only if the fan is under
non-uniform inflow or has propagating rotor/stator interacting tomes.
The fan will not have propagating interaction tones if the wall velocity,
V,;» of the interaction tone is subsonic. Vy is given by

BV.
Vo = B

where B is the number of rotor blades, V is the mumber of stator vanes,
and V¢ is the rotor tip velocity.

Step 7. - Steps 1 to 6 give the octave band PWL for the total fan
noise. Inlet and exhaust noise are assumed to be equal and can be estimated
by subtracting 3 dB from the total PWL. To calculate SPL, use

SPL = PWL - 10 log A + 0.5

where A is the area, in square feet, over which the SPL is assumed constant.
If it is assumed that the sound radiates uniformly in all directions (spherical
spreading) then the conversion becomes

SPL = PWL - 20 log R - 10.5

where R is the distance, in feet, from the fan center to the point where the
noise estimate is desired.

The octave band SPL's may then be summed to give overall noise, converted
to dB(A) values, used to estimate dBNC, etc. Note that the above procedure
assumed free field radiation. Any additional attenuation due to ducting,
plenums, etc. must be accounted for to obtain the noise estimate of the
installed unit. Attenuation curves for ducts, elbows,plenums, etc. may be
found in standard acoustic or noise control texts.

Example 1: CM Suit Compressor

Step 1. - Line 1 of Table VIIis from Table V 1line 3
(Centrifugal, radial blade).

Step 2. - Fan rpm = 22,000, frequency scaling parameter =
. 22,000/1000 = 22.

Step 3. - From figure 39, it is found that the spectrum
.should be shifted up in frequency by 4 octave
bands. The adjusted spectrum is shown in line
2 of Table VII.
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TABLE VI
FREQUENCY LIMITS FOR FULL OCTAVE BANDS
OCTAVE BAND . LOWER “UPPER
CENTER FREQUENCY, Hz LIMIT, Hz LIMIT, Hz
63 - 90
125 90 180
250 180 355
500 355 710
1000 710 1400
2000 1400 2800
4000 2800 5600
8000 5600 -
TABLE VII
SAMPLE NOISE ESTIMATE FOR THE CSM SUIT COMPRESSOR
) OCTAVE BAND CENTER FREQUENCY, Hz
LINE | CALCULATED
NO. | IN STEP NO. | 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000 | 16000
1 1 s8 | 55| 53| 53| 48 43| 40 39 -
2 3 - - . - 58 55 53 53 48
3 4 34| 40| 46 | 52 58 55 53 53 48
4 5 69| 75| 81| 87| 93| 90 88 88 83
5 6 69| 75| 81| 87| 93| 90 94 88 .| 83
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Ao

Step 4.

Step 5.

Step 6.

Axial Fan

CORPORATION SW—ISER 61 8 3

- The values for the 63 to 500 Hz bands are filled

in with a 6 dB/octave roll-off, as shown in line
3 of Table VII.

- The fan pressure rise is 10.5 inches of water at
a discharge flow of 27 cfm. Thus

AdB = 20 log 10.5 + 10 log 27 = 34.7 = 35

This adjustment is reflected in line 4 of Table VII.

- BPF = rpm x No. blades/60 = 22,000 x 12/60 =
4400 Hz. From Table VI, this frequency falls
in the 4000 Hz band, and from Table V, the BFI
is 6. Thus 6 dB should be added to the 4000 Hz
band, as shown in line 5 of Table VII.

Step 1.
Step 2. -

Step 3. -

Step 4. -

Step 5. -

Step 6. -

- Line 1 of Table VIII is from Table V line 4
(vaneaxial).

Fan rpm = 11,000.: frequency scaling parameter =
11,000/1000 = 11.

From figure 39, it is found that the spectrum should
be shifted up in frequency by 3 octave bands. 'The
adjusted spectrum is shown in line 2 of Table VITT.

The values for the 63 to 250 Hz bands are added
using a 6 dB/octave roll-off. See line 3 of
-Table VIII.

The fan pressure rise is 2.5 inches of water at a
discharge flow of 400 cfm. Thus:

AdB = 20 log 2.5 + 10 log 400 = 34

This adjustment is shown in line 4 of Table VIII.
BPF = rpm x No. blades/60 = 11,000 x 3/60 = 550 Hz
From Table VI, 550 Hz is in the 500 Hz octave band

and from Table V, the BFI is 7. Thus 7 dB are

added to the 500 Hz band, as shoen i line 5 of
Table VIII.
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TABLE VIII
SAMPLE NOISE ESTIMATE FOR AN AXTAL FAN
OCTAVE BAND CENTER FREQUENCY, Hz
LINE | - CALCULATED
NO. IN STEP NO. 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000 | 16000
1 1 52 49 51 52 50 47 45 35 -
2 3 - - - 52 49 51 52 50 47
3 4 34 40 46 52 49 51| 52 50 47
4 5 68 74 80 86 83 85 86 84 81
5 6 68 74 80 93 83 85 86 84 81

75




Ham i ‘ton OVISION OF UNITED &gcmxrr CORPORATION SVI'ISER 6183
Standard Re

Pump and Motor Noise

The CSM pump motor imbalance noise was(gitimated using the previously

descrlbed procedure developed by McLachlan The following data were used
for the estimate:

F, = 0.6058 1b
w = 367 Hz = 2303 radlans/sec
Po = 0.0024 slugs/ft3
'aVco = 2.09
co = 1100 ft/sec .

These data give a PWL of 56 dB re 10713 watts at 367 Hz. Other
components are:

Pump vane frequency 2933 Hz
Pump end bearing
Train 134 Hz
Ball 644 Hz
Inner Race 1622 Hz
Outer Race 942 Hz
Second Bearing
Train 133 Hz
Ball 621 Hz
Inner Race 1633 Hz
Outer Race 932 Hz

These components, summed into.octave bands, are shown in figure 40 with
the measured CSM pump-motor assembly noise. The correlation is seen to be
excellent above 250 Hz. At 250 Hz and below the measured noise level is.
significantly below NC-30 and is not considered significant.

HAMILTON STANDARD AXIAL FAN NOISE CALCULATION PROCEDURE

The previously described generalized fan noise estimating procedures
are limited to standard fan designs operating at or near to their design
conditions. Also, they do not recognize detail of blade geometry, solidity,
spacing, and so forth. As such, these methods are by necessity of limited
accuracy. Recently, a comprehen51ve fan noise calculation procedure was
developed at Hamilton Standard for the estimation of noise from low tip
speed, low pressure ratio propulsive fans (Hamilton Standard Q- Fans]mh This
unified procedure is very powerful, since it relates the noise generated
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by the fan to elemental design and operating parameters. Thus it can cal-
culate the generated noise as a function of detail design parameters such as
rotor blade twist distribution and rotor blade camber distribution, as well as
general parameters such as tip speed, diameter and input power.

Due to the similarity between Q-Fans™ and the axial flow fans envisioned
to meet the Shuttle requirements, the procedure is applicable to the calculation
of the noise from these ventilation fans. Therefore, this method can be used
to design the Shuttle fans both aerodynamically and acoustically as well as to
predict the noise of existing designs.

It was the objective of the study discussed below to correlate the
calculated and measured noise levels of the PLV and IM axial flow fans tested
earlier in this program. The calculation procedure was to be adjusted, to a
limited extent, by empirical coefficients to establish agreement with the ventil-
ation fan test data, since the existing coefficiencts were based on data from

large propulsive fans. The calculation procedure then was used to optimize
fan designs for minimum noise.

Fan Noise Calculation Procedure

In the calculation procedure the 1/3 octave band sound power level (PWL)
contributions from rotor tones, rotor broad-band, stator tones, and stator
broad-band are estimated. These are then summed to give a 1/3 octave band
PWL for the specified fan at the specified operating condition.

The input data consist of the geometric definitions of the rotor and
stator blades (that is, chord, blade angle, camber, and so forth) and aero-
dynamic definitions (that is, profile drag, 1lift slopes, axial and swirl compon-
ents, and so forth) at cach of 10 radial stations, as well as the gross design

and operating parameters such as tip speed, input power, rotor thrust and
diameter.

The stator noise is due to velocity perturbations in the stator inflow
caused by the passing of the upstream rotor. With adequate spacing between
the rotor and stator, only the viscous wakes of the rotor blades cause the
interaction noise. %g§ periodic velocity profile behind the rotor is calculated
from the Silverstein wake formulas using the profile drag coefficients and
mean flow parameters from the aerodynamic performance calculation. These
formulas predict a p%giodic train of pulses in the flow into the stator. However,
recent evidence (8) shows that the viscous wakes are highly turbulent. This

leads to a random amplitude and frequency modulation of the pulses, which gener-
ates broad-band noise.
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Stator forces due tog She in{l?w Eerturbations are calculated from the
Sears, Kemp and Horlock (10) (11) (12) theories for wing 1ift response. The
Sears theory treats an airfoil with a small sinusoidal velocity perturbation
superimposed on the classical uniform inflow. With the velocity perturbation
model Sears formulated a theory to account for wing 1lift response. Kemp then
generalized Sears theory into a more useable form. The most recent Horlock
theory generalizes the Sears theory to include a chordwise component in the
sinusoidal velocity disturbance. The Hamilton Standard 1ift response calculation
further generalizes the Horl?fk theory to account for the random component in a
manner similar to Liepmann's{13) generalization of Sears' work.

The stator radiation is calculated from the Hamilton Standard modulation
theory using the forces determined above. This modulation theory, which was
developed to account specifically for turbulence in the blade wakes in fans,
models the stator as a circular array of dipole sources pulsed with random
amplitude and phas%9§. The pulses have amplitudes with the values corresponding
to the Silverstein formulas and mean phasing determined from the vane puls-
ing order. Randomess of the pulses is characterized by standard deviations
of the pulse amplitudes and pulse arrival times.

The rotor }Y&? noise due to steady and unsteady loading is calculated
from the Lowson formulas with loading characteristics derived from Hamilton
Standard's test experience. Vortex shedding noise is predicted from a modifi-
cation of the Hamilton Standard empirical fan correlation which has been exten-
sively refined over the past ten years. A more detailed description of this
procedure is contained in reference (15).

A comparison (described in reference 16) between measured and calculated levels
for a small propulsion fan is shown in figure 41. The spectrum is seen to peak in
the vicinity of the third harmonic of blade passing frequency, where the dominant
noise sources are stator tones and stator broad-band. These components drop
rapidly in level at high frequencies where the rotor vortex shedding noise
becomes -dominant. The agreement in the mid- and high frequency bands, where
the levels are subjectively the loudest, is seen to be good. The discrepancy

at low frequencies may be due to acoustic and/or aerodynamic duct effects or
possibly due to fan jet noise.

Empirical Coefficients

The wakes generated by the rotor are not, in general, uniform. Rather,
they exhibit a high degree of turbulence which gives them a quality of random-
ness. For example, if one were to superimpose a nmumber of these wakes (even
those generated by repeated passes of one blade), the peak amplitude would not
remain constant but would vary over some range with a near Gaussian distribution.
Similarly, the position of the peak would vary over some range. The pulse train
represented by the rotor wakes, then is seen to exhibit both amplitude and
frequency modulation. Since this modulation is random, it results in the
generation of broad-band noise at the stators. In the calculation procedure,
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the randomess of the pulses is characterized by standard deviations of the
pulse amplitudes and pulse arrival times. The values of the standard
deviation are determined empirically. The values used in the computer
program prior to this correlation were based on test data from a model
propulsive fan tested by Hamilton Standard in 1970 (see reference 16).

Preliminary Correlation

A preliminary correlation was undertaken using the coefficients from
the propulsive fan. The initial correlation would provide a basis for
determining the appropriate correlation factors for the ventilation fans tested
in this program.

The IM cabin fan input data was derived based on the measured performarce
data and from layout drawings. The blade section drag coefficients were esti-
mated by assuming a complete airfoil section and then adjusting it by using a
factor. from Smith and Schaefer (17) to account for the modified trailing edges
which were machined off to match a performance requirement. This rotor along
with the PLV rotor are shown in figure 42 and the stators and outer housings
in figure 43. Since detailed hardware drawings for the PLV fan could not be
obtained, the input data was based on dimensions derived from the test hard-
ware blade and vane sections. Measured performance data was used as input
to the computer program. It thus is expected that the calculations for the PLV
fan are not as accurate as would be possible if dimensions from detailed draw-
ings were available since rotor and stator blade design details such as twist,
camber, and airfoil section could not be accurately determined.

Figures 44 and 45 show the preliminary correlation for the IM and PLV
fans, respectively. It is seen from figure 44 that the tones are significantly
underpredicted in the calculation. Also, the broad-band noise peaks at a
frequency lower than measured. The velocity variations present in the wakes
of the rotor blades show up as turbulent pulses coming from the trailing
edges of the rotor. The noise calculated from the blade wake pulse amplitude
modulation (PAM) component of noise is too low in level. Also, the rotor
tones and broad-band do not contribute significantly to the calculated levels.
Similar lack of agreement between calculated and measured levels may be seen
in figure 45 for the PLV fan.

Although based on this correlation it would appear at first glance that
the calculation procedure is inadequate for the calculation of noise from
small ventilation fans, g?e following must be considered. The wake shapes
measured by Silverstein were derived from large scale airfoils operating at
high Reynold's Numbers. However, due to the low tip speeds, small blade chords,
and in the case of the IM cabin fan, reduced pressure operation, the blade tip
section Reynold's Numbers were very low, approximately 130,000 for the PLV fan
and 20,000 for the IM cabin fan, rather than 1,000,000 or higher typical of
larger size airfoils. It is well known that reducing the airfoil section
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Reynold's Numbers results in an increase in profile drag, typically resulting
in an increase by a factor of five for reducing the Reynold's Number from
greater than 1,000,000 to approximately 100,000. Operation of an airfoil at
this lower Reynold's Number would produce stronger wakes from the rotor blades.
However, it is believed also that the wakes are narrower and more elongated at
low Reynold's Numbers. These longer and narrower wakes would give rise to
stronger higher frequency noise components than those measured for the typical
propulsive fans operating with blade sections at high Reynold's Numbers. The
narrower wakes would result in an increase in the amplitude of the stator tones
and an increase in both the amplitude and the frequency of the stator broad-
band noise components due to pulse position modulation. Reduction in the level
of the stator broad-band noise components due to pulse amplitude modulation
would also occur. As may be seen from figure 44, the above trends would improve
the correlation between test and prediction for the IM cabin fan noise.

In the case of the PLV fan, a conspicuous disagreement appears between the
predicted rotor tones and the measured level which indicates an absence of tones.
The propulsive fan used to establish the empirical coefficients in the noise
prediction method was run out-of-doors. In this environment, one would expect
greater turbulence than in a quiet test chamber. However, the initial estimates
of coefficients for the maximum non-uniform blade loading (see reference 14)
were input to the computer program as 50 percent of the steady blade loading
component - the same values as used for the outdoor propulsive fan. It is
probable that the flow distortion was considerably less for the fan tested in
the chamber , where considerable care was taken to insure undisturbed inflow
to the fan. '

Determination of New Coefficients

The correlation improvement effort consisted of determining the suitable
factors defining the rotor wakes which best fit the IM cabin fan data. These
were determined by an iterative process. The comparison using the final com-
bination selected is shown in figure 46. It is seen from this figure that the
correlation is within about +5 dB over the mid frequency range. Note that
both peaks in the measured spectrum are predicted. The lower frequency peak
is slightly underpredicted while the higher frequency peak is slightly over-
predicted. The low frequency noise in the test data appears to be mainly
background noise.

Figure 47 shows the several noise components which are calculated. The
dominant noise source is predicted to be stator noise. The two peaks are the
stator fundamental tone and a second harmonic. The high frequency broad-
band noise appears to be due to the PPM component of the stator noise. Rotor
noise contributed only at the very high frequencies where the stator noise
has dropped substantially in level.
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Since these coefficients were based on test data from a typical small
ventilation fan, it would be expected that they would apply to other,similar
fans. Thus the noise from the PLV fan was calculated using the same coefficients
as were derived for the IM fan. The correlation, shown in figure 48, is not as
good as was obtained from the IM fan. However the mid frequency noise, which is
most important in rating ammoyance of fan noise, is well predicted. The high
frequency noise, above 4000 Hz, which is usually less important in annoyance
rating, is significantly under predicted.

In order to improve the correlation, other noise sources which might be
significant in this size fan were investigated. One possible source neglected
in these calculations is that due to flow over the rotor blade airfoil trailing
edges. A procedure developed by Chanaud and Hayden 18) was applied to the PLV
fan, assuming a relative tip speed of 108 feet per second and a calculated
boundary layer displacement thickness of 0.0112 feet. The results of the
calculation are shown in figure 49. A similar calculation was performed for
boundary layer radiation using the procedure developed by Mugridge and Morfey (19)
The result of this calculation is summarized in figure 49 also. It is seen that
neither of these sources adequately explains the measured high frequency noise

levels of the PLV fan. Both predict levels which are significantly below the
measured levels.

Since the high frequency noise of the PLV fan did not appear to be due to
aerodynamic sources, mechanical sources were investigated. In order to assess
the mechanical noise sources, the PLV fan motor was operated alone, that is
without the fan rotor, at the same rotational speed as measured during the total
fan assembly noise data acquisition. Octave band measurements of the motor
noise were made at the same radius as for the total fan assembly. These
measured sound pressure levels then were integrated into octave band sound
power levels.

The motor sound power levels are summarized in figure 50, where they
are compared to the total fan assembly noise levels previously measured. As
this figure shows, the motor noise exhibits significant energy above 500 Hz;
in fact, motor noise is seen to exceed the total fan noise levels in the
2000 Hz and 8000 Hz bands. Although the motor was not operating with the same
loads during the isolated motor noise test as during the fan noise tests, the
motor noise levels shown in figure 50 are considered representative.

Figure 51 shows the measured total fan assembly noise, the calculated PLV
fan aerodynamic noise (derived from figure 48), and the measured motor noise
to define the components of the PLV fan noise. It is apparent from this figure
that the mid frequency noise, between 250 Hz and 3000 Hz, is due to aerodynam-
ic sources whereas the high frequency noise is due to mechanical sources,
probably the motor bearings.
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PRELIMINARY CONCEPT DEFINITION

To define fan and pump concepts for the Space Shuttle application a wide
variety of commercial fans and pumps was selected for evaluation. For these
units the supplier furnished hardware characteristics were combined with an
estimate of unit noise to determine the most applicable candidate. The
Hamilton Standard Empirical Fan Noise Estimating Procedure was used to
estimate the noise of a variety of fans and compressors whose performance
characteristics satisfy the Space Shuttle requirements. The preferred units
then were purchased for noise evaluation, and modified to obtain noise reductions.

SPACE SHUTTLE EC/LS SYSTEM FAN AND PUMP REQUIREMENTS

The Space Shuttle EC/LS System fan and pump requirements were obtained
from our on-going study effort performed by Hamilton Standard for Nérth
American Rockwell, Inc., the Shuttle Orbiter prime contractor. At this point
in the program the performance requirements listed in Table IX were derived and
were used to evaluate the preliminary concepts.

TABLE IX
PROJECTED SHUTTLE ECS FAN AND PUMP PERFORMANCE REQUIREMENTS
NOISE

ITEM FLOW PRESSURE AP FLUID LEVEL*
Cabin Fan 400 cfm 14.7 psia 2.5" Hy0 Air NC 30
Avionics Fan 300 cfm 14.7 psia 4" Hp0 Air NC 30
Waste Management 75 cfm 14,7 psia 6.3" Hy0 Air NC 30
Fan
Cabin Heat Transport | 400 1b/hr | .20 psia 20 psi | Water | NC 30
Loop Pump

* Based upon requirements of Fan and Pump Noise Control Study.

IDENTIFICATION OF CONCEPTS

The cabin and avionics fan aerodynamic requirements are such that they
can be met by the same unit. Since the cabin fan is most probably in closer
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proximity to the crew, its requirements were used for evaluation.

All types of fan and pump geometries are considered applicable to the
identification of concepts except those having an obviously short life, such
as flex hose (peristaltic) pumps. The Space Shuttle fans and pumps are
intended to utilize a 208V, 400 Hz, 3 phase AC power source. As such, unit
speeds in the range of 5,500 rpm to 22,000 rpm are anticipated. For these
rotational speeds, the resultant specific speeds of the units indicate an
axial flow cabin fan and a centrifugal flow waste management fan for high
aerodynamic efficiency. Thus several units of these specific types were
evaluated for the respective applications.

On this basis, the following candidate concepts were considered:

Cabin Fan
Axial Fans
- Low Speed (approximately 5500 rpm)
- Medium Speed (approximately 8000 rpm)
- High Speed (approximately 11,000 rpm and higher)
- 2-Stage
Centrifugal
Squirrel Cage
Waste Management Fan Cabin Heat Transport Loop Pump
Axial Fan Gear
Centrifugal Turbine
- Backward Swept Blading Sliding Vane
- Radial
Centrifugal

Mixed Flow
EVALUATION OF CONCEPTS

Suppliers were contacted and supplier catalogs were searched to obtain
representative fan and pump units. A list of the companies who had prospec-
tive hardware in the required performance range is given in Table X.
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TABLE X
LIST OF COMPANIES WITH PROSPECTIVE HARDWARE

IN REQUIRED PERFORMANCE RANGE

FAN COMPANIES

Dynamic Air Engineering, Inc.
Eastern Industries

General Dynamic/Electric Boat
Globe Industries, Inc.
Hamilton Standard, Division of United Aircraft Corp.
Hartzell Propeller Fan Company
IMC Magnetics Corp.

Joy Manufacturing Company

Lamb Electric

Rotron Incorporated

Torin Corp.

PUMP COMPANIES

Aurora Pump

Cardinal Pump Sales, Inc.
Dean Brothers Pumps, Inc.
Dresser Industries, Inc.
Eastern Industries

Gast Manufacturing Corp.
Globe Industries, Inc.
Hypro, Inc.

Micropump Corp.

Oberdorfer Pump Division
Roper Pump Company

Tuthill Pump Company
Vanton Pump & Equipment Corp.
Vickers Aerospace Division
W. H. Nichols Company

Cabin Fan Comparison

The various fans were compared by projecting weight and power to a
flight status. 5

Motor weight was estimated using the following relationship derived
from motors in the 200 watt output range - with a 70% efficiency.

. _ Qutput Watts 12000} _
Motor Weight = 1.0 ( 100 ) ( rpm.) 1bs
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Fan efficiencies were also projected to present state-of-the-art levels
for each type of fan. All of the fans fall into a specific speed range
close to that required for peak efficiency.

The efficiency of 50% for the squirrel cage fan represents present
development status. Axial fans have been developed extensively for both
aircraft and submarine use and hence 70% efficiency is attainable with pre-
sent designs.

Table XI shows a comparison of estimated flight weight and power for the
potential candidates. All of these fans have specific speeds in or near the
good design range. Noise estimates for these fans were made and are shown

in figure 52.
TABLE XI
PROJECTED FLIGHT DESIGN CABIN FAN COMPARISON
400 cfm and static AP of 2.5{1525;; HZO“
ACTUAL | GOOD EFFICIENCY EAN | WEIGT
TYPE SPECIFIC SPECIFIC FAN INPUT | _
UNIT SPEED SPEED SPEED RANGE EFFICIENCY |. POWER | FAN | MOTOR | TOTAL
rpm | 1000 rpm 1000 rpm % watts | 1bs 1bs 1bs
2 Stage Axial | 11000 159 60-150 70 169 3.81 1.9 5.7
High Speed
Axial 12000 113 60-150 70 169 3.6 1.7 5.3
Medium Speed
Axial 7500 71 60-150 70 169 5.71 2.8 8.5
Low Speed
Axial 5500 52 60-150 65 182 7.8] 4.0 11.8
Squirrel Cage
Centrifugal 3870 36 18-30 50 236 7.0 4.9 11.9
Radial Blade
Centrifugal 3500 33 15-50 70 169 | 12.5} 5.9 18.4

This initial comparison indicates the high speed axial to be favored from

a weight and power standpoint.

superior from a noise standpoint.
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Waste Management Fan Comparison

The waste management fan must produce a higher head at lower flows than
does the cabin fan. This dictates a centrifugal fan to operate in a good
specific speed regime at practical motor speeds. A comparison of various
concepts considered is shown in Table XII.

TABLE XII
FLIGHT DESIGN WASTE MANAGEMENT FAN COMPARISON

75 cfm and static AP of 6.3 inches H,0

ACTUAL |GOOD EFFICIENCY FAN WEICHT
TYPE SPECIFIC SPECIFIC FAN INPUT
UNIT SPEED SPEED SPEED RANGE EFFICIENCY | POWER | FAN [ MOTOR |TOTAL
rpm | 1000 rpm 1000 rpm % watts | 1bs | 1bs 1bs

Centrifugal
High Speed 11500 15.9 15-50 70 80 (2.8 1.2 4.0
Centrifugal
Low Speed 3500 4.8 15-50 55 101 | 9.2} 5.2 14.4
Mixed Flow 15000 20.7 20-70 60 93 (2.2 ] 1.1 3.3
Axial 23000 31.7 60-150 50 111 | 1.4 0.9 2.3
Squirrel Cage| 7700 10.6 15-30 40 139 | 4.2 ] 3.2 7.4

For the above table

Motor Weight = 1.5 [Watts 12000
& 15("100" i

This relationship is based on data from motors in the 100 watt range.

53.

Noise predictions for the waste management unit fans are shown in figure
Once again it appears that the squirrel cage fan has a distinct advantage

in noise level. The mixed flow and centrifugal fans are best from the stand-
point of weight and power.
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Liquid Loop Pump Evaluation

As previously noted, pump noise measurements conducted earlier in

this program reflected mostly motor noise. However, assuming the motor noise
does not dominate, relative pump noise levels were predicted on the basis of
larger industrial pumps. The ranking of pump concepts in order of increasing
noise is centrifugal, diaphragm, screw, sliding vane, and gear. Although no
data exists on isolated pumps of the size required for this program, the above
ranking is considered valid since the noise sources for these types of pumps
are understood. Table XIIIpresents the noise estimate of these pumps relative
to a baseline centrifugal umit.

TABLE XITI
RELATIVE PUMP NOISE LEVELS

PUMP TYPE RELATIVE NOISE
Centrifugal Baseline
Diaphragm +5dB

Screw +8dB
Sliding Vane +10dB

Gear - +15dB

Since the centrifugal pump was estimated to be the quietest, several
of this type of pump were included in the selected candidates.

Table XIV lists the various pumps and characteristics.
TABLE XIV

CABIN HEAT TRANSPORT LOOP PUMP CANDIDATES
500 1bs/hr and AP = 20 psi

TYPE UNIT SPEED | WEIGHT | VOLUME | POWER
TpM 1bs in3 watts
Centrifugal | 10,000 | 2.5 30 150
Centrifugal 7,600 2.7 53 150
Centrifugal 3,450 | 2.9 60 200
Gear 1,800 | 3.9 61 150
Turbine 3,500 | 4.7 74 150
Sliding Vane | 1,800 | 3.5 55 150
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SELECTION OF TEST HARDWARE

The original program plan had been to select a single cabin fan and a
single waste management fan for test verification of noise predictions and
further improvement. However, selection of a clear winner was not possible.
The fans with the highest efficiency were also predicted to be substantially
noisier than the less efficient squirrel cage fan.

In keeping with the objectives of the program to achieve efficient
operation with low noise and to establish design criteria for quiet operatiom,
testing of the quietest unit was considered important. On this basis the NASA
and Hamilton Standard concluded that verification testing be done on two dif-
ferent types of cabin fans rather than a cabin fan and a waste management fan.
With this approach, a comparison of the noise sources could be made for two
different types of fans with the same flow and pressure rise capabilities.

- Pump selection was straight forward since the lowest noise design was also
light and efficient.

PROCUREMENT OF VERIFICATION HARDWARE

The data presented in Tables XI and XIV determined which units

were selected for purchase of the verification hardware. The units purchased
- were the following

® Axial Fan - Model M5171B - 1A
Dynamic Air Engineering, Inc.
620 East Dyer Road
Santa Ana, California 92705

® Squirrel Cage Fan - Simplex Unit PS-502
Rotron, Incorporated
Woodstock, New York

® Centrifugal Pump Model 10-70-316
Micropump Corporation
1021 Shary Court
Concord, California

Photographs of the hardware in the "as received' condition are shown in
figures 54 through 58. ' '
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Figures 54 and 55 show the axial fan and housing. Both a two-bladed and
three-bladed rotor were purchased. Figures 56 and 57 are photographs of the
squirrel cage unit. Figure 58 shows the centrifugal pump in a disassembled
state.
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VERIFICATION HARDWARE TEST PROGRAM

There were three purposes for this test program. The first was to
show further correlation of the noise estimated by the Hamilton Standard
Empirical Fan Noise Estimating Procedure with noise measured for commercial
units. Acoustic noise measurements were made on the two purchased fans and
on the single pump in their "as received" condition to establish baseline
noise levels of commercial off-the-shelf hardware. The second purpose was
to isolate, identify, and analyze the source characteristics of the fan and
pump noises. The purpose of this analysis was to derive and design modifi-
cations to reduce or eliminate these noise sources. Finally, the third
purpose was to demonstrate the actual noise reduction and performance improve-
ment achieved from the hardware modifications.

BASELINE TESTS

Test Hardware Description

The two fans and one pump tested in this phase of the program were a
Dynamic Air axial flow fan, Rotron squirrel cage fan, and Micropump centri-
fugal water pump. These were selected as a result of the Preliminary Con-
cept Definition study described in the previous section.

The axial fan was tested with a three-bladed and a two-bladed rotor.

The motors driving these three units were tested alone also.

The disassembled Dynamic Air Engineering model M5171B-1A axial flow
fan with both its rotors is shown in figure 54, The rotors are 5.25 inches
in diameter and have 0.070 inches constant thickness blades. These are
driven by a 208 VAC, 3 phase, 400 Hz motor running at a speed of approximately
12,000 rpm, which is supported by five unevenly spaced constant thickness
case diffuser vanes. The diffuser vanes can be seen more clearly in figure
55. The diffuser's inside diameter is 3.75 inches and the outside diameter
is 5.25 inches. ‘

The spacing between the rotor blades and diffuser vanes is 0.45 inches
and rotor tip clearance is 0.050 inch. The overall length is 7.5 inches and
the weight is seven pounds.

Figures 56 and 57 show the Rotron, Incorporated, model PS-502 squirrel
cage fan. The rotor has thirty, 0.030 inch thick, forward curved sheet metal
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blades with a 4.5 inch inside diameter, 5.25 inch outside diameter and

2.25 inch length. This is driven by a 115 VAC, single phase, 400 Hz motor
running at a speed of 3870 rpm. The rotor discharges into a 3.5 inch wide -
increasing area collecting scroll which has a 3.5 by 3.5 inch discharge.
The cutwater is located 7/16 inch from the 5.25 inch rotor, yielding a
clearance to diameter ratio of 8 percent. The test unit was 10 inches long
and weighed thirty pounds.

The disassembled Micropump Corporation model 10-70-316 centrifugal pump
is shown in figure 58. The six bladed backward swept blades are 0.075 inches
high and fluid discharges from their 1.30 inch outside diameter into an
increasing area collecting scroll with a cutwater 0.050 inches from the rotor.
A teflon thrust plate with a 1/2 inch inside diameter entrance port rests on
the rotor blades. The rotor is magnetically coupled to a 208 VAC, three
phase, 400 Hz motor which drives the pump at approximately 9000 rpm. The
overall length is 5.25 inches and the weight is 2.5 pounds.

Test Facility Description

All testing was conducted in Hamilton Standard's anechoic chamber. This
chamber has a volume of approximately 3000 cubic feet and provides an
essentially free field enviromment at distances of up .to five feet from
the source for frequencies over the range of 90 to 6000 Hz. The background
noise in the test chamber is below 17 dB over the frequency range of 90 to
11,200 Hz, as measured by octave bands. Since this level is 10 or more dB
below the octave band levels of the design goal of NC-30, background noise
levels in the test environment are not considered a problem.

In order to isolate the fan inlet and exhaust noise levels, a plywood
acoustic muffler was constructed. This muffler, internally lined with sound
absorbing polyurethane open cell foam, was attached to the fan inlet or
discharge by means of a six foot long duct. Also, a sliding door was pro-
vided at the muffler inlet to control the flow and pressure drop to the fan.
The ducts were externally covered with fiberglass and lead impregnated vinyl
to eliminate noise transmission through the duct walls.

In addition to the anechoic chamber the test facility consists of the
control room and an outdoor motor/generator and voltage controller. The
generator output is fed into the power console located in the control room.
Here, voltage and current were measured. The control room also contained the
pump water reservoir, back pressure valve, flow meter and appropriate temp-
erature and pressure measurements. The water lines and electrical lines
passed through a sealed passage into the anechoic chamber where the remain-
ing instrumentation and facilities were located. The pump inlet and outlet
pressure gages were placed in an isolated location of the chamber. All the
fan pressures were measured on a portable manometer board, placed approximately
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ten feet away from the fan. The fan inlet temperature measurement was made

with a portable thermocouple while the fan speed was measured with a
stroboscope.

Test Description

The pump was suspended at the approximate center of the chamber by
Bungee cord at approximately three feet above the floor as shown in figure 59.
Noise measurements were made at three feet from the center of the pump, at
the 20 equally spaced locations defined in Table XV .

TABLE XV
CARTESIAN COORDINATES OF PUMP MICROPHONE LOCATIONS - FEET
X Y Z
0 2.79 +1.08
1.74 1.74 +1.74
2.79 1.08 0
1.08 0 +2.79
2.79 -1.08 0
1.74 -1.74 +1.74
0 -2.79 +1.08
-1.74 -1.74 ¥1.74
-2.79 -1.08 0
-1.08 0 +2.79
-2.79 1.08 0
-1.74 1.74 £1.74
+Y

PUMP
LOCATION

e -+ )

+Z
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The pump test schematic is given in figure 60. The pump performance
point was set by varying the backpressure valve. The pump pressure rise was
obtained by taking the difference between outlet and inlet pressure read-
ings. Flow was recorded from the calibrated flow meter. The system pressure
level was varied by pressurizing the nine gallon capacity water reservoir
with air. No speed readings were taken on the totally enclosed pump, but

the pump motor voltage and current were monitored continuously in the control
Toom.

Vé A

BACK PRESSURE

! VALVE

@ BLOW

PRESSURT ZATION
. SYSTEM
% r— 1 RESERVOIR

PUMP TEST SETUP
FIGURE 60
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Tables XVI, XVII and XVIII present the data for the ''as received"
verification hardware.
voltage in the three phases was equal.

between phases the three values of current are tabulated.

In all runs with a three-phase power source the

In the runs where the current varied

The variation in fan current was due to running at 134 VAC rather than
This reduction in fan input voltage was
necessary on the three-bladed axial fan to establish a performance point
consistent with Space Shuttle operation.

at the 208 VAC design point.

"AS RECEIVED" AXIAL FAN PERFORMANCE DATA
(400 Hz, 3 Phase)

TABLE XVI

Noise 2 Bladed 3 Bladed Motor
Measurement
Set-Up Inlet Outlet Inlet Outlet
cfm 445. 425 450 440 -
z\P"HZO 2.56" | 3.04" 2.6" 2.5" -
TpM 11800 11800 9150 8900 12,300
Volts 195 200 134 134 193
Amps/phase | 1.6 1.6 2.4 2.4 -
3.6 3.5
3.2 3.2

A comparison of the two-bladed data and the three-bladed fan data
in Table XVI shows that the three-bladed unit produces the required
head and flow at a lower speed, with essentially the same hardware vol-
As such, this unit was rated to be better than the two-

ume and weight.

bladed fan.
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TABLE XVII

""AS RECEIVED" SQUIRREL CAGE FAN PERFORMANCE DATA
(115V, 400 Hz, 1 Phase)

Noise

Measurement
Set-Up Inlet Outlet Motor
cfm 300 300 -
AP"HZO 2.56 2.45 =
Tpm 3870 3840 4140
Volts 115 118 115
Anps 5.36 5.3 4.0

TABLE XVIII

"AS RECETVED' CENTRIFUGAL PUMP PERFORMANCE DATA
(200v, 400 Hz, 3 Phase)

Unit Motor
Flow 1bs/min 7.7 -
Pip psia 4.0 -
AP psi 24.5 -
pm 9000 | -
Volts 193 190
Amps .36 .27
.42 .30
.44 .30
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A typical fan setup is shown in figure 61. During inlet noise measure-
ments, the fans were fitted with generous bellmouths to provide a smooth
inflow to the inlet.. Measurements were made along an arc at a three foot
radius from 0 degrees (on axis) to 160 degrees, in 20 degree increments. In
the case of outlet noise test of the squirrel cage fan two measurement
sweeps were made perpendicular to each other since the outlet geometry has
two axes of symmetry.

The setup and instrumentation for both fans are illustrated schematically
in figures 62 and 63 for inlet and outlet noise testing. The fan performance
points were set by adjusting the throttle valve located in the muffler. Fan
total inlet to fan static outlet pressure rise was set. The X symbol marked
on figures 62 and 63 shows the location of the differential pressure pickups for
determining fan pressure rise. The flow was determined by measuring the dynamic
head in the bellmouth or duct entrance to the fan. The total pressure probe
was removed after test conditions were set. Thus two tests were conducted for
each fan configuration. The first was to set the fan to the desired operating
point and to measure the aerodynamic performance of the unit. Then the aero-
dynamic total pressure probes were removed and the holes in the duct were
filled. The unit was rerun at the same point while the noise was measured.
Since flow varies with speed and fan AP, both of these parameters were monitored
during the testing to assure steady state operation.

The above precaution was necessary to avoid any noise generation by the
total pressure probes themselves and to prevent any rotor inlet flow disturb-
ances. Static pressure pickups which do not protrude into the duct were still
used to measure pressure rise with no effect on noise.

When changing the microphone location during acoustic testing, fan speed,
fan pressure rise, and ambient temperature readings were taken. The ambient
air temperature was measured at the fan entrance to eliminate any wvariation
due to heating while passing over the motor. Voltage and current were monitored
continuously in the control room at the power console.

Data Reduction

All the acoustic data was reduced using 1/3 octave band analysis. The
data was then integrated to give 1/3 octave band PWL. Also, the 1/3 octave
band PWL's were summed into full octave PWL's for comparison with estimated
noise. The measured data from all the units is included in Appendix B. To
evaluate the data in terms of the design objective of NC 30 at three feet,
the 1/3 octave band SPL's from 50 to 10,000 Hz were summed into full octaves,
then the NC value from each microphone location was calculated. The NC value
of the item was then assumed to be the maximum NC value thus caculated.
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Pump Noise

Figure 64 shows the pump noise. The rotor passing frequency is seen
in the 1000 Hz band. The large tone in the 2000 and 2500 Hz bands does
not appear to be due to the pump, but rather is associated with the motor.
Although this component, apparent in the motor-only spectrum, is not as
strong for the motor noise, the motor noise measurements are not fully
conclusive since the motor over-heated before a full set of measurements
could be obtained. The available data on the pump's motor noise shows
that the 2000 to 2500 Hz component is still increasing beyond 135 degrees
azimuth, where the last measurement was made. In an AC motor, alternating
current applied to the stator windings produces an electromagnetic field.
The alternating current creates alternating magnetic forces within the
stator and its laminations which tend to move the windings. The actual
physical displacement is small, but produces the common 'buzz'' heard in
motors. Since the voltage varies from plus to minus, this changes the
direction of the force between windings twice per cycle. As such the
electrical noise will be relatively high at both line and twice line
frequency. Thus a tone at 2400 Hz is consistent with that expected from
field lamination noise since for this 400 Hz, three-phase motor, the
driving frequency is 2400 Hz (that is, 2 excitations per cycle x 400 Hz
x 3 phases). Another possible source of motor noise is that from the
bearings. The ball bearings used in this motor have seven 0.125 inch
diameter balls. With a bearing race inside diameter of 0.25 inches and
assuming an unloaded motor speed of 10,000 rpm, the fundamental 'ball
passing' frequency (equal to the motor shaft speed times the number of
balls times the number of ball revolutions per shaft revolution) is 2333 Hz.
It is therefore apparent that the peak seen in the 2500 Hz band in figure 64
is due either to motor lamination noise, bearing noise, or a combination
of both. The broad hump centered on 8000 Hz is believed to be cavitation
noise associated with inflow turbulence generated at the interface between

the inlet coupling and the pump housing and at the sharp cornered inlet
flange. _

Figure 65 shows the octave band levels of the pump assembly for the
maximum NC value. As this figure shows, the maximm penetration is into
the NC-50 area, which gives it an NC value of 50 dB. The NC value is
determined by the level of the 2000 Hz band, which is due mostly to motor
noise components.
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Axial Fan Noise

Figure 66 shows the noise of the two-bladed axial fan while figure 67
shows the noise of the three-bladed axial fan. These two sets of data are
very similar. The dominant components are the tones at blade passing fre-
‘quency and its harmonics. For the two-bladed fan running at 11,800 rpm
the blade passing frequency is 393 Hz; for the three-bladed fan running
at 9000 rpm, this frequency is 450 Hz. The two-bladed fan has the strongest
‘tone at twice the blade passing frequency while the three-bladed fan is
more conventional in that the strongest tone is at the fundamental blade
passing frequency. These tones are believed to be due to rotor and stator
interaction because the gap between the trailing edge of the rotor and the
leading edge of the stator is small. Thus the rotor wakes are very
strong at the stators. The stator vanes are not eqguallv spaced and thus
mode cancellation 1s inhibited. The modes, even those below cut-off,
propagate.

Other sources of noise appear to.-be: 1) the peaked broad band
centered on 2000 Hz in the inlet noise due to the large tip clearance of
the rotor; 2) the broad hump centered around 1600 Hz in the exhaust noise
from both fan configurations due to wake shedding from the stator trail-
ing edges, which are very blunt and thick; 3) both tone and broad band
noise levels accentuated by inlet flow distribution which is not entirely
smooth, as is the case of the inlet data with a bellmouth.

It is seen in the figures that the motor noise is not a contributor
to the total fan noise. However, reductions of 10 dB or more in the fan
noise would bring the aerodynamic noise levels down to the point where
the motor noise would result in a measurable increase in total fan noise.
Also, the motor noise level of NC 65 requires significant quieting to
achieve a total unit noise level meeting NC 30.

Figures 68 and 69 show the octave band spectra of the two-bladed and
three-bladed fans, respectively, which correspond to the maximum NC
values. It is seen from figure 68 that the maximum NC value is set at
1000 Hz band which corresponds to the second harmonic of blade passing
frequency of 786 Hz. In the case of the three-bladed fan, in figure 69,
the inlet noise NC value is set by the 1000 Hz band level, correspondxng
to the second harmonic of blade passing frequency; whereas the exhaust
noise NC value is set by the 2000 Hz band level, corresponding to a
higher harmonic of blade passing frequency and bIDad band peak.

The three-bladed fan is slightly quieter than the two-blade fan.

Also, it has better aerodynamic characteristics. Thus the three-bladed
fan is the better unit for further verification testing.
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Squirrel Cage Fan Noise

Figure 70 shows the noise levels for the squirrel-cage fan. As seen
from this figure, the mid-frequency bands from 800 to 8000 Hz are dominated
by motor noise. As would be expected from a single phase, 400 Hz motor,
field winding and lamination noise occurs at 800 Hz (that is, 2 excitations
per cycle x 400 Hzxl phase). Several harmonics may also be seen in figure
70 at 1600 Hz, 2400 Hz, and 3150 Hz. Unfortunately, it is not possible to
distinguish the fan noise because of the high levels of motor noise. Based
on the speed and number of blades, the blade passing frequency of this unit
is calculated to be at 1900 Hz. Thus, one might expect to see a tone in the
1600 or 2000 Hz band. However, due to the large gap between the cutwater
and the rotor plus the low tip speed of this fan, the level of the tone can
be very low and may not be apparent in the 1/3 octave band spectrum. This
is especially true for the case where there are strong motor noise components
in the same band.

It thus is possible to obtain only an approximation of the fan noise
spectrum by smoothly fairing in a curve which eliminates the peaks due to
motor noise as shown in figure 71.

It is apparent from figure 70 that the maximm NC value of the fan is
set by the motor noise. However, based on the estimated levels for the fan
noise, elimination of the motor noise reduces these levels by about 10 dB.
Thus one would estimate a maximum NC value of approximately 67 to 69 dB for
the fan alone.

SELECTION OF NOISE REDUCTION METHODS

Pump Noise Reduction

Pump Noise Sources

The measured noise levels for this unit as received from the supplier are
presented in figure 64. An analysis was made of the possible noise sources
and a discussion of means for alleviating each of them follows.

The noise in the 4000 to 10000 Hz frequency band was believed to be caused
by fluid cavitation. Cavitation is precipitated by sharp edges and non-uniform
passages which may cause local fluid acceleration. An examination of the pump
rotor showed desirable rounded leading edges on the blades, but there were also
burrs and hooks at the blade outlet which could cause cavitation and therefore
noise. The thrust plate adjacent to the rotor also had sharp corners which
could become a source of cavitation unless rounded with a larger radius. Also,
the pump inlet was threaded to accommodate a pipe fitting. The sharp edges
of the threads also could be a source of cavitation. Finally, operating the
pump at 4.0 psia inlet pressure enhanced the possibility of cavitation. Thus,
subsequent testing was conducted at higher inlet pressures.
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The slight noise peak in the 1000 Hz band coincides with the vane
passing frequency. This noise component is a tone and is caused by the
pressure pulse which is generated each time a vane passes by the cutwater.
The amplitude of the pulse can be reduced by increasing the clearance bet-
ween the vanes and the cutwater - with some loss in pumping efficiency -
and also by changing the cutwater design.

Finally, the peak shown in the 2500 Hz band, believed to be due to motor
lamination and bearing noise, can be reduced by potting the motor stator
assembly to prevent the laminations and field windings from vibrating and
by replacing the bearings with quieter types, such as sleeve bearings. The
motor also has several surfaces, notably the aluminum back plate and motor
housing, which may be good acoustic radiators. Thus, applying vibration
dampening material to the vibrating surfaces and enc1051ng the motor housing
with fiberglass and lead-impregnated vinyl should reduce these noise sources.

Pump Modifications

- A number of the above mentioned causes and modifications of the various
noise sources were selected as the most promising for achieving noise reductions
within the scope of the present program.

The pump rotor was cleaned up by removing burrs and hooks and rounding
its leading edges. The inflow passages were improved by providing a straight
pipe inlet and filling in the pipe threads. The edge of the thrust plate was
rounded to provide a more gradual transition into the rotor. The motor was
reworked to eliminate apparent tones by replacing the ball bearings with
sleeve bearings, and the motor radiated noise was dampened by enclosing
radiating surfaces.

Axial Fan Noise Reduction

Fan Noise Sources

The measured noise levels of the three-bladed axial fan as received from
the supplier are shown in figure 67. The following paragraphs summarize what
were believed to be the major noise sources in this unit and the means for
reducing the strength of these sources.

The major cause of noise was interaction tones between the rotor and
stator assemblies. Since the five stator vanes were unevenly spaced, mpde -
cancellation was inhibited and probably all the interaction modes propagated
(see earlier discussion on interaction mode decay). Thus, to reduce this
noise, it is common practice to increase the spacing between the rotor trailing
edges and the stator leading edges by moving the entire stator assembly further

downstream. Also, spacing the stators evenly promotes better cancellation of
modes. '
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There were three important sources of broad band noise in this fan. The
first of these, which would appear mostly in the exhaust noise, was caused by
the shedding of turbulent wakes from the thick stator vane trailing edges.

The second source was vortex shedding from the rotor blades. Both of these
sources could be reduced by the use of airfoils with properly shaped leading
and trailing edges to minimize the turbulent wakes. Finally, due to the large
rotor tip clearance, it was possible to have a significant tip vortex, which
could be reduced by reducing the rotor blade tip clearance.

Other broad band noise sources included various obstructions in the flow,

such as screw heads, improper size matching between the stator and rotor center
bodies, and duct wall roughness.

Another means for reducing the broad band noise from both rotor and stator
vortex shedding is by use of porous materials. These materials are either

attached to the blade or the blades can be made entirely or in part from the
porous material.

Axial Flow Fan Modifications

The following noise reduction modifications were considered feasible
within the scope of this program and were incorporated into the design of
a reduced-noise axial flow fan.

The stator assembly was redesigned using proper airfoil sections. Five
equally spaced vanes were located at a greatly increased distance downstream
of the rotor. All the flow passages were cleaned up by machining the walls,
countersinking bolt-heads, and matching center body diameters. The rotor
blade tip clearance was reduced. Finally the rotor was reworked to include
rounded leading and trailing edges &nd then was balanced in two planes to
less than 700 micro ounce-inches.

Squirrel Cage Fan Noise Reduction

Fan Noise Sources

The measured noise levels for this unit are shown in figure 70. Since
it is apparent that the noise was dominated by the motor noise, it was not
possible to determine the aerodynamic noise sources from this fan from the
measured noise spectra. A quieter motor was the first step in reducing the
noise from this unit. In general, however, for this type of fan, the noise
consists primarily of broadly peaked random noise, with several tones at
blade passing frequency and its harmonics. The strengths of these tones are
dependent primarily on the spacing between the blades and the cutwater. For
this design, it was not believed that any significant tones from the fan
itself existed since the blade-to-cutwater spacing was relatively large.
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The broad band noise from this fan design can be reduced by the use
of blades with cambered and twisted airfoils which have been matched to
the airflow. Also, a conical section at the base of the blades could be
helpful in turning the flow in to the blades.

Again, as for the axial flow fan, any discontinuities or obstructions
in the airflow should be avoided. The use of porous materials on the cut-
water might be a way to reduce the noise while maintaining a relatively
small gap for better aerodynamic efficiency.

Squirrel Cage Fan Modifications
Since it wasnot possible to ascertain the actual noise characteristics
of this fan, due to the masking noise of the motor, it was decided to obtain

a quieter motor and retest the unit. The results of these tests are dis-
cussed in a subsequent section of the report.

MODIFIED HARDWARE

Description of Modifications

The details of the modifications to the verification hardware, including
related technical comments, are summarized in this section.

Axial Fan

The modifications made to alleviate the noise sources described above
are shown in figure 72 and 73. The rotor stator gap was increased to four
inches (approximately one rotor chord length) by machining a new hub. The
five unevenly spaced stators were replaced with five wooden airfoils having
thin trailing edges. A full radius was machined on each of the rotor's
leading edges. The rotor was then balanced to 611 poz in. The discon-
tinuities were eliminated by countersinking the screws, rounding the hub
inlet, placing a rubber filler in the hub to fill in the slot for the motor
power cord, and machining the hub round to match the round fan rotor.

Large tip clearance results in a reduction of eff1c1encv and the tip

circulation causes noise producing yortices. The eff?g} of tip, %}?ﬁrance
on rotor efficiency has been investigated by Howell Ruden

Kahane (22). Their results are presented in figure 74, and show good agree--
ment in the rate of efficiency change with clearance. On this basis a reduction
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of tip clearance from 0.050 inches to 0.007 inches for the 1.125 inches
mean blade height of the axial fan would yield an increase in fan rotor
efficiency of approximately ten percent. The tip clearance was reduced
from 0.050 inches to 0.006 - 0.008 inches, by machining a new 2.75 inch
long outside housing. '

Squirrel Cage Fan

The unit was tested to determine the angle of attack on the blades.
These were found to be in an accepted 10° to 20° range. A new motor was
purchased to reduce the prominent noise source. This was a 115 VAC, 60 Hz,
one phase Dayton Model 5K684 unit, running at 3450 rpm. The cooling air
fan was removed, temperature probes placed in the stator windings, and the
motor rotating assembly balanced.

Centrifugal Pump

Centrifugal pump noise in the 4000 to 10,000 Hz frequency band is
usually attributed to cavitation type noise. To reduce this the pump
modifications shown in figure 75 were made. The entrance threads were
removed and a three foot long entrance pipe extended from the smooth inlet.

A 0.070 - 0.100 inch radius was added to the teflon thrust plate inlet port.
The rotor blade inlet diameter was tapered to provide better entrance con-
ditions. The burrs and hooks at the rotor outlet, as shown in figure 76,
were removed and the blade outlet rounded. The test conditions were expanded
to include a low and high pump inlet pressure of 9 and 26 psia, respectively.

The 2500 Hz peak is not related to the rotor or to flow since it occurs
also in the motor test. It is probably structural resonance coming from the
motor, and may be motor magnetic fluctuations, umbalance, and/or bearing
noise. To eliminate the bearing noise the ball bearings were replaced with
the sintered bronze bushings shown in figure 77.

The aluminum ’backplate of the motor and the motor housing are good

radiators. Therefore, lead-impregnated vinyl was used to dampen these noise
radiators. '

Estimated Noise Reduction

Noise level predictions were made prior to testing of the modified
verification hardware. These predictions are shown in figure 78 and 79.
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The axial fan was estimated to have lower tone noise levels since the rotor
to stator distance was significantly increased. Based on rotor to stator gap.
studies conducted using the Hamilton Standard Axial Flow Fan Performance and
Noise Calculation Computer Program, it is expected that the level of the
fundamental drops by 10 dB and the level of the second harmonic drops by 8
dB. Since a combination of three blades and five stators places the third
and higher harmonics above cutoff, these harmonics are not significantly
affected. Remachining of the stators to an airfoil shape significantly
reduces the vortex shedding noise. Thus, the wakes are decreased by a factor
of approximately five,resulting in a reduction of 7 dB at the peak(that is, in
the 100 Hz to 2500 Hz bands). Also, the reduced rotor tip clearance and
smoothed leading edges result in approximately 5 dB less rotor vortex noise in
the 2000 and 2500 Hz bands. The estimated noise levels for this three-bladed
axial fan are shown in figure 78. These levels are estimated from the ''as

received' hardware test data (figure 67) with the above described reductions
applied.

The estimated squirrel cage fan noise is shown in figure 71. As indicated
earlier, this estimate was derived from figure 70 by eliminating the motor
noise components. '

Figure 79 shows the estimated pump noise. This estimate is based on a
reduction of 5 dB of the blade passing frequency (at 1000 Hz) due to remach-
ining of the blades, a reduction of 5 dB in the peak at 8000 Hz due to reduced
cavitation noise by virtue of smooth inlet flow, and a reduction of 12 dB in
the motor noise peak at 2500 Hz by improving the bearing noise characteristics.

MODIFIED HARDWARE TESTS

Test Description

The aerodynamic and acoustic testing of the modified hardware was con-

ducted in a manner similar to that described for the Verification Hardware
Testing.

Test Results

Tables XIX, XXI and XXII present the data taken on the modified verification
hardware. When the axial fan results in Table XIX are compared with those in
Table XVI for the three-bladed fan it can be seen that there is an increase in
performance for the umit. The overall efficiency calculations in Table XX
indicate an increase in overall fan/motor efficiency of approximately two per-
centage points, which would result in a 10 percent reduction in motor input
power. Both the modified and "as received" fans had higher efficiencies when
tested with the inlet noise set-up. This is attributed to the improved air inlet

profile with the bellmouth attached to the fan. For outlet testing a duct pro-
vided the entrance to the fan. o '
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TABLE XIX

MODIFIED 3 BLADED AXTAL FAN PERFORMANCE DATA
(400 Hz, 3 Phase Motor)

Noise Measurement Set-Up| Inlet Outlet
cfm 470 460
AP'H,0 2.66 | 2.66
pm 9050 9200
volts 132 136
amps/phase 3.06 3.0
TABLE XX
CALCULATED AXTAL FAN OVERALL EFFICIENCY
(Percent)
Noise Measurement | '"As Received" "Modified"
Set-Up Fan Fan
Inlet 19.3 21.0
Outlet 18.4 20.4

Table XXI for the squirrel cage fan indicates operation at a lower
pressure rise (1.27 inches of water) than was present with the '"as received"
unit. This difference is caused by the lower speed (3590 rpm) motor which
replaced the "as received" (3870 rpm) motor. The difference in fan perfor-
mance for these two motors is presented in figure 80. The "as received" fan
was run with an overall fan/motor efficiency of 12%. The modified unit has
only 4.5% overall efficiency. It is believed that this low efficiency is

__largely due to both a low motor efficiency and a reduced fan efficiency.

Because the entire performance point could not be duplicated only the same
volume flow was run in both tests.
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TABLE XXI

SVHSER 6183

MODIFIED SQUIRREL CAGE FAN PERFORMANCE DATA

(6V0 Hz, 1 Phase Motor)

Noise Measurement Set-Up Inlet QOutlet Motor
cfm 310 310 -
AP'H,0 1.27 1.27 -
TPM 3590 3590 3600
Volts 106 104 115
Amps 9.7 10 9.1

Table XXII presents the pump test data. There is no appreciable differ-
ence in power when the motor was run with ball bearings or sintered bronze
bushings. Using.the sintered bronze bushings for added noise control, the
reservoir pressure level was changed and the pump flow and pressure rise
recorded as shown in figure 81. It can be seen that the pump cavitation
decreases the flow and pressure rise of the pump at an inlet pressure of 12
psia and less. Inlet pressures of 26 psia and 9 psia were used to test for

noise and performance.

At 9 psia inlet pressure the unit is somewhat noisier
and has only half the overall efficiency of that at 26 psia.

TABLE XXII

MODIFIED CENTRIFUGAL PUMP PERFORMANCE DATA
(400 Hz, 3 Phase Motor)

UNIT MOTOR
With With
With Bronze Bushings Ball Bearings Bronze Bushings
Flow 1bs/min 6.2 8.2 - -
Pin psia 9 26 - -
AP psi 17 28 - -
pm - - - 9000 9000
Volts 210 200 210 208
Amps/phase 43 .41 .31 .30
.50 .50 .33 .32
.54 .53 .35 .34
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The 1/3 octave band sound power levels, based on measurements of the
modified verification hardware tests, are shown in figures 82, 84, 86, 87 §
88 while the octave band levels at the maximum NC value location are shown
in figures 83, 85, and 83. The measured 1/3 octave band SPL's are con-
tained in Appendix B.

Figure 82 shows the PWL's for the axial fan. As may be seen in this
figure, the tones have been virtually eliminated and are thus not dis-
tinguishable to the ear. Also, the mid-frequency broad band noise has
been significantly reduced. Some evidence of the blade frequency funda-
mental tone is still evident in the exhaust noise. Although the mid-
frequency broad band noise has been reduced, the achieved reduction of
exhaust noise is not as dramatic as that of inlet noise. One possibility
for the presence of the tone in the exhaust is that perhaps the decay rate
of the tone was not high enough to be significantly affected by the short
length of the fan housing. The octave band levels corresponding to the
maximum NC values for the axial fan are shown in figure 83. The exhaust
noise has maximum penetration into the NC curves at 500, 1000, and 2000 Hz
so that to lower its NC level of 76 dB would require reducing the noise
in those three bands covering the frequency range 350 to 2800 Hz. The
NC value of 73 dB for the inlet noise is set by the level of the 2000 Hz
band.

Figure 84 shows the measured squirrel cage fan noise levels for the
"as received" fan with the new quiet Dayton motor. As is seen in
this figure, the new motor noise levels are much lower than those of the
original motor and do not contribute to the fan total noise. Figure 85
shows the octave band levels measured at the location of maximum NC value.
Both the exhaust and inlet NC values are set by the level of the 2000 Hz
band. The exhaust noise is at an NC value of 64 dB while the inlet noise
is at an NC value of 67 dB. However, because of the reduced motor speed,
it was not possible to achieve the same performance as before for this
fan. Instead of 2.5 inches of water pressure rise, only 1.27 inches of
water was achieved.

From the Hamilton Standard Empirical Fan Noise Estimating Procedure
described in an earlier section, there is an adjustment for fan pressure
rise given as A dB = 20 1log A P. Thus an increase in noise of approxi-
mately 6 dB (i.e. 20 log would be expected for this fan due to
increasing its pressure rise from 1.27 to 2.5 inches of water.

In both of these fans the motor noise does not contribute to the NC

level. However, motor noise could be a problem in the fans if further
quieting is required.
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Figure 86 shows the measured pump noise levels for an inlet pressure
of 26 psia. The tones in the 63 and 160 Hz bands are due to the 60 Hz line
frequency and are not part of the pump acoustic noise. As is seen from this
figure, the high level tone in the 2000 Hz band has been significantly
reduced as has the high frequency broad band noise. Figure 87 shows a
second set of measurements which were made to evaluate the cavitation noise.
This figure shows that at 9 psia inlet pressure, significant noise is gen-
erated in the 1000 to 20,000 Hz bands. It thus is important to maintain
pump inlet pressures sufficiently high to avoid cavitation, which causes
significant noise generation and will contribute to mechanical failure.
Figure 88 shows the reduction in noise of the pump motor by replacing the
original ball bearings with bronze bushings. Although the low frequency
noise was unaffected - but is much lower when tested with the pump,
perhaps because of load versus no load operation - there is a significant
reduction in the mid- and high frequency noise levels, typically 15 dB.
Figure 89 shows the octave band levels measured at the maximum NC value

location. This figure shows that NC levels are 40 dB and 49 dB at 26 and 9
psia inlet pressures, respectively.

The achieved noise reductions are summarized in Table XXIII, which
presents the maximum NC values measured at three feet.

TABLE XXITI

SUMMARY OF ACHIEVED NOISE REDUCTION

Measured dBNC Value at Three Feet

Unit Unmodified Modified
Axial Fan
Inlet 83 73
Outlet 79 76
Squirrel Cage Fan
Inlet 79 67

Outlet 77 64

Squirrel Cage Adjusted for
Flow, and Pressure Rise

Inlet 80 73
Outlet v 78 70
Pump | 50 ' 40
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Although only 3 dBNC reductions are indicated for the axial fan exhaust
noise, it is believed that an additional 3 dBNC could be achieved with a
longer exhaust duct to promote further decay of the rotor/stator inter-
action tones, resulting in an overall NC value reduction of 10 dBNC rather
than the 7 dBNC shown. Although the squirrel cage fan noise reduction
is indicated in the table to be 12 dBNC, this does not take into account
the adjustment due to the lower performance of the modified fan. The
actual noise reduction which was achieved is more like 7 dBNC, making
the noise levels of the axial and squirrel cage fans approximately eaual.

The pump noise reduction achieved was 10 dBNC.

Comparison of Modified with Unmodified Hardware

Figures 90 and 91 show comparisons of the unmodified fan noise levels
with those estimated and measured for the modified axial fan. - In figure 90
the fan inlet noise levels are summarized. The reduction in the levels of
the fundamental and second harmonic was slightly underestimated, as reduc-
tions of 16 dB and 12dB, respectively, were achieved compared to predicted
reductions of 10 dB and 8 dB, respectively. The estimate was based on the
reduction of the interaction noise by moving the stators further downstream
from the rotor. However, cleaning up the blade leading and trailing edges
could further reduce the strength of the wakes impinging on the stator
assembly. The reduction of the mid-frequency noise was well predicted.

Figure 91 shows that although a reduction of 10 dB was predicted
for the fundamental tone in the exhaust noise, only 3.5 dB was achieved.
As previously mentioned, this is believed to be due to an insufficient
length of duct to promote decay of the rotor-stator interaction field in
the exhaust. Again, the agreement in the mid- and high frequency bands
is good. Although a reduction of about 6 dBNC was anticipated for the
modifications, only 3 dBNC was measured, due primarily to the high residual
fundamental tone noise level.

Figures 92 and 93 show similar plots for the squirrel cage fan.
Allowing for the 6 dB adjustment to the fan levels for the performance
difference, the correlation is seen to be quite good.

Figure 94 shows the levels for the pump. The estimated and measured
NC value set by the level of the 2500 Hz bands are very close. The very
high frequency noise (above 4000 Hz), believed due to cavitation, was
significantly reduced even more so than had been estimated by raising
the inlet pressure.
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Further Noise Reduction Potential

As previously mentioned, the axial fan exhaust noise can be reduced by
the use of an exhaust duct. The fan inlet broad band noise might be
reduced by the use of porous materials at the blade leading and trailing
edges. The use of this material has been found to reduce the broad
band noise by up to 15 dB (73). In addition, better designed and better
aligned stator blades, requiring a detailed study of the axial and swirl
components into the stators, could result in reduction of the stator
noise. Porous surfaces also have been found to be of benefit in this
application. Noise reduction also can be achieved by using screens
or straightening tubes to reduce the inlet flow turbulence. This reduces
both the tone and broad band noise and would result in a 5 dB improvement
in the exhaust noise.

The squirrel cage fan has some noise reduction potential by opti-
mizing the blade shapes, twist distribution and by the use of airfoil
shapes. Porous blade surfaces are applicable to this fan also. In both
the inlet and exhaust noise spectra may be seen a broad peak center
at 1250 Hz. This frequency corresponds roughly to the turbulent boundary
layer radiation frequency, assuming a boundary layer thickness of 0.015
inches. This noise mechanism could be reduced by the use of porous
trailing edges. The reduction of this source would result in an NC
value reduction of approximately 5 dB in the inlet and 4 dB in the exhaust.

The pump noise levels are quite low, at an NC value of 40 dB at
three feet. Much of the residual noise is still due to the motor. Thus
quieting this pump entails more careful motor design. A potted stator
assembly, hydrodynamic bearings, and a heavier casing ostensibly could
achieve a further reduction of 10 dBNC.
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DEVELOPMENT OF DESIGN CRITERIA

This section summarizes the technical acoustical findings of this study.
It includes general noise-to-performance relationships for several types of
fans and compressors. These are intended to give a quick estimate of the
anticipated noise level of a general, good aerodynamic design, but do not
include any special low noise design characteristics. A more detailed dis-
cussion of the noise and performance parameters of axial fans is included.
Finally, a compilation of guidelines, constraints, and rules of thumb,
is included for general design and installation considerations of fans and
pumps.

NOISE-TO-PERFORMANCE RELATIONSHIPS OF FANS

The noise levels, in terms of NC value at three feet, for axial, squirrel
cage, and centrifugal fans are shown in figures 95, 96, and 97, respectively,
as functions of volume flow and pressure rise. These curves were derived from
the Empirical Fan Noise Estimating Procedure, which was used to calculate the
octave band spectrum for these fans. The NC values then were calculated from

. the estimated spectra.

Figure 95 shows the noise-to-performance relationships of axial fans
covering the flow range of 50 to 1000 cfm and the pressure rise range of 0.5
to 4 inches of water.

Figure 96 shows the noise-to-performance relationships of squirrel cage
fans for the same range as the axial fan.

Figure 97 shows the relationships for centrifugal compressors.

As may be seen from these curves, the centrifugal fans are the noisiest
units, while the squirrel cage fans are the quietest unmits.
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AXTAL FAN PARAMETRIC MAPPING

Axial fan parametric noise mapping studies were made using the previously
described Hamilton Standard Axial Flow Fan Performance and Noise Calculation
Computer Procedure. Noise variations as a function of fan diameter, tip speed,
number of blades, number of vanes and the blade-vane gap were investigated, all

at the Space Shuttle design point of 400 cfm flow and 2.5 inches of water static
pressure rise.

Fan Description

The basic fan design - that is the solidity, planform, twist, camber,
twist distribution, and airfoil selection - chosen for this study is one which
was originally designed as a 1lift fan for a Surface Effect Vehicle. The
pressure rise and non-dimensional flow characteristics of this fan are well

suited to the Space Shuttle requirement of 2.5 inches of water static pressure
rise and 400 cfm flow.

A series 16 airfoil is used and the blade characteristics of this fan are
summarized in figure 98. Note that the blade chords shown in this figure are
for a six bladed fan. For constant aerodynamic performance blade chord should
vary inversely as the number of blades to maintain constant total blade area.
With a total activity factor of 1500, the fan has a solidity of 0.58 and an
integrated 1ift coefficient of 1.0. The blade planform is very nearly trape-

zoidal with a 2 to 1 taper ratio, a thickness ratio of 0.06 at the tip and
approximately 31.5 degrees of blade twist.

Performance Study Parameters

The Space Shuttle fan design point requires 400 cfm flow at 2.5 inches
of water (13 psf) static pressure rise. Hamilton Standard's experience in
previous designs indicates a fan diameter range of 3.5 to 6.5 inches with
tip speed ranges of 100 to 300 ft/sec. To define the diameter, tip speed,
and blade angle which gave the desired pressure rise at the desired flow
250 different fans were designed. These designs included the combinations
of five diameters (3.5, 4.25, 5, 5.75, and 6.5 inches), five tip speeds (100,
150, 200, 250, 300 ft/sec), and ten blade angles (from 10 to 55 degrees in
5 degree increments).

The fans were designed using a Hamilton Standard axial flow fan per-
formance calculation computer program which calculates, among other things,
the blade section angles of attack, the fan stagnation pressure rise, and
the fan rotor efficiency. The data from these computations first were plotted
as pressure rise versus tip speed and blade angle for each diameter fan. These
are shown in figures 99 through 103 for the five fan diameters. Also shown on
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the curves are the stall margin lines, based on the blade section angle of
attack exceeding seven degrees. These are indicated because operating a fan
beyond this line increases the possibility of fan surge.

Assuming that swirl recovery can be accomplished with good diffuser
efficiency, the fan total pressure rise requirement will vary with fan _
diameter. Since the axial velocity component will vary with fan size, the
required stagnation pressure of the fan will then vary with diameter as follows:

Fan Diameter Axial Velocity Total Pressure
(inches) (ft/sec) (inches Hy0)
3.5 133.5 7.0
4.25 89.5 4.6
5.0 64.8 3.6
5.75 49.0 3.1
6.5 39.3 2.9

As may be seen from figure 99, the 3.5 inch diameter fan would operate
in the surge region and is too small to meet the requirement. It thus was
eliminated from this study. From figures 100 through 103 it now is possible
to establish the blade angle to tip speed relationship which gives the required
pressure rise. The tip speed at which each blade angle gives the required
pressure rise yields the crossplot of figure 104.

To insure that the fan designs were reasonably efficient, the fan
efficiency for each diameter was plotted versus tip speed and blade angle.
These are shown in figures 105 through 108. For a given blade angle, the
fan shows highest efficiency at a given tip speed with reduced efficiency
on either side. An efficiency of 80 percent was considered a reasonable lower
limit for the fan concept. The relationships plottedin figure 104 are limited
at the high blade angle end by stall limits. Efficiency and tip speed limit
the low blade angles. The tip speed range is thus narrowed to 200 to 300 ft/sec.”

Figure 109 shows the fan efficiency as a function of diameter and tip speed
at the required flow and pressure rise. Three fans achieve about 91 percent
efficiency, whereas the 6.5 inch diameter fan appears to be oversized, achieving
a peak efficiency of only 86 percent.

Noise Study Parameters

The fan designs defined by the circled points in figure 104 were used
to perform a noise study which included variations in diameter, tip speed,
number of blades, blade-vane gap size, and number of vanes. The noise calculations
were made using the Hamilton Standard Axial Flow Fan Performance and Noise Calcu-
lation Computer Program with adjusted coefficients based on the correlation with
the Apollo fan noise measurements. For this study, the SPL at three feet was
calculated from which the NC values were determined.
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The 19 points of figure 104 determined variations in tip speed from
200 to 300 ft/sec for fan diameters of 4.25, 5, 5.75, and 6.5 inches. Each
fan at each tip speed was then estimated for two, three, four, five and six
rotor blades, for three, five and seven stator vanes and blade-vane gaps of
0.5, 1, 1.5, and 2 times the blade chords.

Noise Versus Performance Trade-Off Study

Number of Blades Variation

In all cases the number of rotor blades having the lowest noise level was
found to be three. Figure 110 shows a plot of the dBNC variation with blade
count for the four fan diameters. The highest noise level occurs for the two
bladed smallest fan. Then, the noise decreases rapidly to a minimm of three
blades and increases slowly to five blades where it then levels off. Thus,
for this size axial fan, three blades is optimum.

Tip Speed and Diameter Variation

Figure 111 shows the dBNC noise dependence on tib speed for three bladed
fans. In all cases, the minimum noise is seen to occur in the vicinity of
250 ft/sec.

The noise variation with fan diameter shows the 6.5 inch diameter fan to
‘be the quietest at about 67.5 dBNC at 270 ft/sec tip speed. The 5.75 inch and
5 inch diameter fans are fairly close behind at 68.5 and 69 dBNC, respectively.

Blade Vane Gap

The variation of fan noise with blade-vane gap is shown in figures 112
through 115 for the four diameters being analyzed. These figures show clearly
that increasing the gap causes a significant decrease in the fan noise.

Figure 116 summarizes this variation for a tip speed of 250 ft/sec. The
greatest change occurs for small gaps. Approximately 3 dB decrease in noise
occurs for a gap change from 0.5 to 1.0 blade chords, whereas only a 2 dB
change occurs for a gap change of 1 to 1.5 blade chords, and approximately
1 dB for a gap change of 1.5 to 2.0 blade chords. It thus is apparent that
as the gap is increased further, the reduction in noise becomes small. Because
a large gap results in a large fan, a good compromise appears to be at a gap
of 1.5 to 2.0 blade chords, since the slopes of the curves in figure 116
indicate that negligible reduction in noise occurs beyond this gap size.
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Vane Count

For the fan with three blades and a blade-vane spacing of 2 blade chords,
it was found that the noise was essentially independent of the number of
stator vanes. This is not too surprising, since at this spacing the stator
noise is a relatively small contribution to fan noise.

GUIDELINES AND CONSTRAINTS

The noise generated by spacecraft environmental control - life support
system components may be divided roughly into those generated by solid to
solid contact or vibration of solids (structure generated noise) and those
generated by gas turbulence or other periodic gas pressure disturbances due
to interaction between gas and solid surfaces (aerodynamic noise). A third
source, similar to aerodynamic noise, is produced by flowing liquids.

An example of structure generated noise would be that produced by bear-
ings of a pump or fan. An example of an aerodynamic noise source would be
the periodic pressure pulses produced by a fan blade. These pressure pulsa-
tions necessarily accompany processes which add energy to or remove energy
from a gas. An example of flowing liquid noise is that caused by a liquid
flowing at high velocity in a pipe.

Fan Noise Generalization

In order to understand the methods for reducing the noise from fans, a
brief review of the aerodynamic noise sources in fans is required. Both
axial and centrifugal flow fans produce two types of aerodynamic noise: first,
broad band turbulence noise and second, discrete tones related to the frequency
at which interactions occur between fan blades and the fluid.

The broad band noise arises from the shedding of vortices at the rotor
blade trailing edges when the blade is operating in smooth airflow, which
induces local surface pressure fluctuations on the blades. When the blade is
operating in turbulent flow, there is an additional noise mechanism due to
the randomly fluctuating 1lift.

The rotational, or tone, noise is caused by the rotating steady blade
surface pressure field and by aerodynamic interaction between the rotor and
stator blades.

Factors which improve the aerodynamic efficiency of a fan tend to reduce
the aerodynamic noise generated by the fan. This occurs because turbulence
is associated with aerodynamic losses and aerodynamic noise generation mechan-
isms are associated with turbulence. Consequently, measures such as designing
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for smooth inlet flow and using efficient airflow blades with trailing
edges designed for minimum flow separation will reduce noise generation.

Depending on which noise mechanisms are postulated, the acoustic power
of fans varies with the fourth to sixth power of the relative air velocity,

which is approximately e%ua} to the blade tip speed. The following relation-
ship is given by Lowson 23),

Acoustic power o DzvtS

This relationship has general validity in geometrically similar fans. Note
that:

2
D2V.° = DV, (v2)° & Qq o @P)?
which, when converted to decibels results in
10 log (P?V,>) = 10 log (Qg » @P)%) + K = 10 log Q; + 20 log AP + K

where D = rotor tip diameter, V; = rotor tip speed, Qq = fan discharge flow,
and AP = fan pressure rise.

This is the basis for the Allen Method, the Buffalo-Forge Method, and the
Hamilton Standard Empirical Fan Noise Estimating Procedure, where the constant
K is based on the type of fan utilized.

Minimizing the quantity D2V S is an effective means of reducing noise
generation in a fan. However, in selecting a maximm efficiency fan with a
given operating point, the range of allowable tip speed variation may be very
limited. Figure 114 shows the PWL of the Apollo and verification hardware
fans plotted against the parameter DZVtS. Although these fans cover a range
of performance and geometries, the correlation is quite good. Note that on
this curve the squirrel cage fan's_overall noise level is 16 dB above the
theoretical line proportional to DZVt . This is consistent with the earlier
observation that the Hamilton Standard Empirical Fan Noise Estimating Procedure
had underpredicted the squirrel cage fan noise by approximately 10 dB.
Although figure 117 indicates the overall acoustic power of fans, the trends

in other noise measuring schemes such as dB(A), dBNC and so forth, would be
similar.

In most of the common, high performance axial flow fans the overall noise
levels, and in most cases the dB(A) and dBNC noise levels, are generally
determined primarily by the levels of the fundamental tone and its harmonics.
The broad band, or vortex shedd%ng noise can be significant in quiet fan
designs and can be estimated by (2 3

PHL = 10 log KAGVS

where K is a coefficient of proportionality. Figure 118 presents a correlation”
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of the measured vortex noise - approximated by summing the levels of the bands
defining the broad band peak - of the axial fans and of the squirrel cage

fan housing the quiet motor, with the pa.rameter;.ABV6 . Again, the correlation
is seen to be quite good for the axial fans , whereag‘Zhe squirrel cage fan
falls well above the generalized curve.

Smooth Fan Inlet Flow -

In the generation of aerodynamic noise, a fan is sensitive to distortions
in the flow. These distortions cause blade loading fluctuations which result in
greatly increased radiation efficiencies and correspondingly increased noise
output. This is particularly true of axial flow fans which are extremely
sensitive to inlet flow distortion. Thus it is very worthwhile in axial flow
fans to minimize noise generations by avoiding any upstream flow obstructions
and providing smooth uniform flow by means of large radii bellmouths.

To illustrate the effects of flow distortions on noise, the harmonic
sound pressure levels of a free-air rotor gi.e. a rotor with no ducting around
it) were calculated using Gutin's theory ( 5), which assumes steady blade
loading. The harmonic sound pressure levels for this same rotor were then
calculated with flow distortion. The flow distortion used for this calcula-
tion is based on measurements obtained for a propeller on a clean test
stand (26). The measured distortion produced a fluctuating blade loading
(due to fluctuating velocities and angles of attack of the propeller blades)

‘which had the normalized frequency spectrum shown in figure 119. As this
figure shows, the blade loading was about 10 percent of the average blade
loading (i.e. the steady portion of the blade loading) at the second harmonic
of the rotational speed, decreasing to about 0.03 percent at the 100th har-
monic. Table XXIV summarize the calculations. These show that for the steady
blade loading case, the levels of the harmonics decrease very rapidly with
increasing harmonic order.* The case with fluctuating blade loading, however,
shows relatively little decrease in the levels with increasing harmonic order.
At the third harmonic, for example, the difference is approximately 66 dB; i.e.
from a level of 4 dB, which is inaudible, to a level of 70 dB which is very
noticeable. This 66 dB increase in level was due to a fluctuating blade

load of only approximately 0.5 percent of the steady blade load. (Since

this was a 4 bladed rotor, the third blade passing frequency hammonic is

equal to the 12th harmonic of the shaft rotational speed).

TABLE XXIV

HARMONIC LEVELS OF A FREE-AIR ROTOR FOR
STEADY AND NON-STEADY BLADE LOADING

HARMONIC STBADY LOADING NON-STEADY LOADING
1 71.3 73.5
2 ‘ 38.4 g o3
3 4.2 70.6
1 s -30.6 9.1
5 -65.6 68.7
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In the case of a shrouded rotor, as for an axial fan, the steady load-
ing tones are further attenuated by the presence of the duct, since the
field of a subsonic rotor will always decay, in this case by 12 dB per inch (27)
of ducting for the fundamental and even more for the higher harmonics. Thus,
one would not expect to see any significant tone content in these fans, pro-
vided a short section of duct were provided to attenuate the rotor field.
However with distortion in the flow, the fan inflow becomes analogous to the
case for rotor-stator interaction, where new modes are generated. In this
case, the modes generally will propagate. Thus inlet flow distortion in the
axial flow fan is detrimental to low noise output for two reasons. In the
first place, the noise generated by the rotor is increased significantly,
particularly at the higher harmonics; and secondly, these modes do not decay
readily and are radiated from the inlet and outlet.

It is apparent that upstream disturbance to the flow causes high fan
noise output. Since a very small disturbance can significantly increase noise,
only a small obstruction in the flow is necessary. Thus such items as aerodynamic
probes, turning vanes, preswirl vanes and elbows, should not be placed upstream
of the fan. Locating a fan, even one with a good bellmouth, right behind an
obstruction which causes partial blockage of the inlet should be avoided,
since this also will give rise to flow distortion.

One concept which improves the fan inlet flow profile is that of flow
straightening devices located upstream of -the rotor. Even though this roach
appears contrary to the above discussion, it is based on the assumption that
if the size of the wakes is small compared to the span and chord of the
rotor blades, then the wakes do not act coherently to cause the fluctuating
1ift which gives rise to the high rotational noise. Thus the effective flow
disturbances are reduced and the noise due to non-uniform inflow is correspond-
ingly reduced. This method of noise control can be effected by the use of
thin-wall, small cell size honeycomb, several small mesh settling screens, or
other similar approaches commonly used in low turbulence wind tumnels.

Porous Blades and Vanes

Porous materials have been applied to ST%%} airfoils placed in the stream
of a small jet, with some sggcess by Lowson , and more recently on small
propeller fans by Chanaud ( ), and by Tseo (30), In Chanaud's experiment, a
small fan was constructed utilizing both partially and fully porous materials
for the blades. The porous material was found to be very effective in reducing
the noise of the fan at little or no loss in fan efficiency. In fact, certain
materials seemed to give better efficiencies with 10 to 12 dB(A) noise reduction.
Although Chanaud shows a potential for 19 dB(A) noise reduction at very low
pressure rise, it is probable that this noise reduction will be offset by loss
in performance due to back leakage through the material as the static pressure
head of the fan is increased.
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Tseo achieved some noise reduction by covering the pressure surface of
the fan blades with the porous material. Although his data is somewhat limited,
reductions in the mid-frequency broad band and tone noise are apparent. Tseo
attributes this to the material acting as a high hydrodynamic resistance to
attenuate the fluctuation of blade pressure and a relief of the pressure build-
up around the blades to reduce the vortex strength. Attenuations of approximately
10 dB in the mid-frequency broad band were achieved using 1/16 inch fiberglass.

Boundary Layer Control

Boundary layer control (BLC) is another means for reducing the aerodynamic
noise from fans. With this approach suction is applied in the trailing edge
region of the airfoil to reduce the boumdary layer thickness and to prevent
flow separation. Lockheed Company conducted tests on pfggsllerS'with BLC and
measured reductions in high frequency broad band noise. 'Y '

Of the four basic sources of fan noise (rotor tones and broad band, and
stator tones and broad band), BLC reduces all except the rotor tones. The
noise generating mechanisms affected are those which give rise to stator tones
and stator broad band. These are caused by the stator interception of the rotor
blade wakes and the stator vortex shedding.

A recent study was conducted at Hamilton Standard using the axial fan
moise prediction cComputer program. In this study, the effects of putting
BLC on the downstream 1/3 of the chord were evaluated analytically by cal-
culating the behavior of the resulting wakes and their interaction with the
stator vanes. Reductions of approximately 18 dB in' the rotor broad band noise
were estimated based on the reduction of the profile drag. The estimated

reduction in fan noise was approximately 5 PNdB, with a slight gain in fan
efficiency, including losses in the suction mechanism.

BLC on a stator assembly is relatively easy. However, BLC on the rotor
requires the transmission of suction across a rotating interface. In either
case, a source of suction is required. Typically this suction removes less
than 0.1 percent of the fan flow in providing adequate BLC.

It thus is predicted that BLC could be of significagt value in_reducing
fan noise. A potential of 10 to 15 dB is apparent, but it is relatively

difficult to implement due to the complexity of suction across the rotating
rotor. '

Cbntrifugal'Pumps

_ The evaluation of small pumps indicates that the centrifugal wmit is
quieter than other types. Normally the motor noise overshadows the pump
noise. However, in cases where the centrifugal pump dominates, even if
only in part of the noise spectrum, design for noise is necessary.
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It is essential that the pump be operated on or as near as possible

its design point. This will help assure low flow noise and non-cavitating
operation.

A pump must be hydraulically stable or fluctuating head and flow
conditions can develop, leading to noisy operation. A contimuously-rising
head curve is considered to provide stable operation under "all" operating
conditions.

To provide a quiet and efficient, essentially shockless entrance into
the pump impeller vane passage the correct blade inlet angle must be chosen.
~This will be the angle whose tangent is_the ratio of the radial fluid velocity
to the longitudinal velocity of the inlet tip of the impeller vanes. It is
generally an accepted practice to exaggerate the inlet angle as much as 15
to 20 percent, thus shifting the shockless capacity to the right of the design
point on the pump head versus capacity curve. For quieting purposes it seems
desirable to operate as near the shockless capacity point as possible without
seriously affecting efficiency.

It is generally desirable to have an impeller discharge angle such that
the straight line theoretical Euler's head curve - whose shape depends on the

discharge angle - approximates the pump curve. This is usually an angle of
less than 90°.

From a noise point of view it is necessary to increase the number of vanes
over those used in a standard design. Most effective is an impeller of the
so-called multi-vane type. This is in essence a many-vaned stacked and stag-
gered row design, manufactured to close hydraulic and mechanical tolerances
to assure good hydraulic and mechanical balance and to achieve a low pressure-
pulsation level. The very small size of the candidate pumps may well preclude
full implementation - particularly multiple rows - due to manufacturing limi-
tations. However, the number of vanes should be kept as high as practical
thus increasing the frequency of the vane pulsations but reducing the energy
per pulse which will have the effect of smoothing the flow. For example an
increase from seven to fourteen vanes could reduce the fluidborne noise level
by 27 dB while increasing the frequency by a factor of two. If two rows of
seven vanes were used with the rows staggered, an additional 8 dB decrease is
estimated. The normal multi vane impeller and a staggered row impeller are
illustrated in the sketch below. o

' STAGGERED ROW IMPELLER
NORMAL MULTI VANE IMPELLER ) : —] ] h

-t

i

\—- SOLID DISK‘
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Vane pulsation associated noise is generally decreased as the cutwater
clearance - the gap between the impeller outside diameter and the casing
inside diameter at the cutwater - is increased. Increasing the cutwater
clearance will degrade the efficiency but at a relatively slow rate compared
to the noise decrease. For example, a 5 percent efficiency change could
yield a 10 to 15 dB noise reduction with a rotor to cutwater diameter ratio
change from about 0.9 to 0.7. ’

Bearing Noise

The noise produced by bearings is caused by vibrations that directly
or indirectly originate from the bearings. In normal bearing action, the
balls roll over the races and some slipping exerts the elastic portions of
the bearing and resultsin bearing noise. The load on a bearing is transmitted
from the outer ring, through glﬁ balls as they pass through the zone of contact,
to the inner ring. Pesante ( evaluated the noise from each of the bearing
components for bearings of good quality. His findings indicate that the balls
are the noisiest component followed by the imner ring and outer ring. The
cage produces a negligible noise with respect to the balls and rings.

Manufacturing tolerances on the bearing allow uneveness which causes
redistribution of the bearing load in the zone of contact. This deviation
from a perfectly circular ball causes rapidly repeating sets of impacts and
rapidly induced vibrations which show up as noise. The surface roughness of
the ball produces noise. Clarke (32) indicates that surface finish of the
surfaces in rolling contact is the most important aspect of ball bearings for_
noise control. Manufacturing processes would require improved materials, honmg
lapping, running-in and buffing, to achieve quiet bearings. However, Scanlan (33)
indicates that even a theoretically perfect geometry and surface finish would
still produce some sound. Such surfaces would increase the slippage and fail
to pick-up sufficient lubrication. Sound is also produced by the random
pumping of the lubricant trapped between the rolling element and the race.
This pumping excites metallic waves in the bearing cage and rings. Thus there
is a theoretical non-zero level of sound for a bearing.

In bearing installations, the quality of the mating surfaces adjacent
to the bearing affects the sound transmitted from the assembly. Clarke shows
this in figure 120 for the testing of a small motor. Igarashi (34) a1s0 shows
this effect for a bearing bracket on a half-horsepower, three phase, four pole
AC motor. Figure 121 also indicates the variation of noise with speed. His
curve for a sinagle ball bearing, figure 122, is similar to the work of Nishimura
and Takahashi (35) who in their work on ball bearing nopise found that the
acoustic pressure is proportional to the 6/5 power of the rotational speed
as-shown in figure 123
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The levels of the noise from ball bearings shown in figure 122 indi-
cate that for a rotational speed of 11,200 rpm, as might be considered for
Space Shuttle use, the expected bearing noise level is in the 60 to 65 dB
range. Since these measurements were made at 6 inches from the bearing,
these levels represent 45 to 50 dB at three feet from the source. : Based
on the Apollo and verification hardware testing, it is apparent that a
bearing noise level 45 to 50 dB is not a significant noise source in the
ventilation fans, but may be the dominant noise source in the water
pump.

Therefore, high quality ball bearings may be used in the fan motors under
the present aerodynamic noise levels. However, quieter types of bearings must

be used in the pump motors and also in fans required to achieve a 30 dBNC nois
level.

Sliding bearings are inherently quieter than rolling (ball)bearings. Slid-
ing bearings are primarily transmitters of sound. They can generate noise but
basically the transmission characteristics predominate. The selection of the
quietest sliding bearing is centered around the bearing transmission character-.
istics. The bearing which has the lowest parameters of stiffness, damping,
and transmissibility is the best to attenuate noise. -

- The sliding bearing dlar%cgeristics that affect its noise generation, trans-
mission, and attenuation are (3 ): ’

® Type of bearing ® Turbulence

e Method of lubrication e Bearing geometry

® Viscosity of lubricant ® Diametral clearance
e (Cavitation

Elliptical, pivoted toe, and three-lobed bearings are less prone to oil
whip than cylindrical bearings. Externally pressurized lubrication systems
are usually noisier than non-pressurized systems because of the external
hardware. The viscosity of the lubricant influences the critical rotor speed.
Cavitation occurs when the local pressure drops below the vapor pressure.

This is dependent upon the supply pressure and the geometry of the bearing.
Turbulence can exist in the bearing and is dependent ggﬁm bearing type,
geometry, clearance,grooving and so forth. Ruffini (k presents a complete
analysis of the various sliding bearing parameters and their interaction in
achieving the quietest sliding bearing for a given application.
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FINAL CONCEPT DEFINITION

The concept definitions of a fan and pump for Space Shuttle require
both quiet and efficient units. First, the power source for these units
was optimized on the basis of Space Shuttle application. Then the concepts
were selected, based on the results of the test data evaluation and on data
from the analytical estimating procedures. The squirrel cage and axial fans
were evaluated against each other using the same criteria used for the
preliminary concept candidates. From this comparison an axial fan was
selected. A centrifugal pump also was selected on the basis of the prelim-
inary candidate selection criteria. The geometries of both concepts then
were optimized for noise and efficiency. Design drawings are presented
herein for both of these concepts.

AC VERSUS DC MOTOR TRADE-OFF STUDY

The optimum choice of motor type is closely tied to the generation and
distribution characteristics of the spacecraft power system. Although the
basic Space Shuttle power source is DC from the fuel cell, the distribution
system could be DC, AC with central inverters, or DC with local inversion to
AC. The final choice is determined by the lowest equivalent weight penalty.
With a DC distribution system the choice of motors would be between pseudo
DC motors - AC motors with build-in inverters - or true brushless DC motors
of which the Hamilton Standard Modular Motor is a recent development. Con-
ventional brush-type DC motors would not be acceptable because of reliability,
safety and performance characteristics. Normally, AC motors would be used
with an AC distribution system. Thus the viable choices are:

® (Central inverter; AC transmission; AC motors.
® DC transmission; local inverters; AC motors.
e DC transmission; true brushless DC motors.

The significant factors affecting the choice of transmission type will be
considered based on available Shuttle study results.

Cabling for all electrical and electronic components aboard the space-
craft represents a significant factor in the weight allocation. The type of
power transmission, AC or DC, directly affects the type of cabling used and
its weight. Consider for example a large spacecraft which consumes 17 KXW
with a typical distribution loss of 0.7 KW, which is approximately 4 percent.
The cabling weight for a DC power system could be kept acceptably low only by
using a 300 VDC system. However, various converters would then be needed for
scaling the voltage down to 28 VDC for the different subsystems. This results
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in a high total weight for power distribution. Considering an AC power
system using 115 VAC ms, initially the main feeders of the system would
be large but their runs could be severely reduced by immediate branching.
Conversion circuitry would be minimized in the various subsystems since

the front-ends incorporate power supplies already for transient and voltage
ripple protection. Thus, the transmission of a particular type of power is
the predominant element in spacecraft power system weight allocations, as
opposed to the user items such as fans and pumps. Consequently AC is
selected as the primary Shuttle transmission system. The differences in
efficiency between various types of motors is not significant enough to
influence the choice of transmission system. Thus a system consisting of
a central inverter, AC transmission and AC motors is most applicable to
Space Shuttle, and AC motors should power fans and pumps.

FAN SELECTION -
AXTAL FAN VERSUS SQUIRREL CAGE FAN

Based upon the results of the testing of the verification hardware
a comparison of the axial and squirrel cage fans was made. Coordination

with the NASA had resulted in the definition of four factors for evaluation.

These factors were weight, noise, power, and volume, with weight being
weighted approximately twice as important as noise. :

For comparison purposes weight, volume, power, and noise are esti-
mated for flight optimized designs. This comparison is shown in Table XXV.

TABLE XXV

FLIGHT DESIGN FAN COMPARISON

Axial Squirrel Cage
Flow - cfm . 4600 400
Pressure Rise - inches Hy0 2.5 2.5
Spced - THM . 11200 T 2430
Overall Dimensions - inches (0D x length) 7x10.5 11.5x8
- Fan Efficiency - § .70 .50
Motor Efficiéncy - % A .78 .72
Input Power - watts 221 329
Fan Weight - 1bs , 1.8 3.3
Motor Weight - 1bs 3.6 6.6
Total Weight - 1bs A 5.4 9.9
Noise Level at 3 feet - dBNC 76 70
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Although the squirrel cage umit is quieter than the axial umit,
the axial appears to be the best selection for Shuttle. While the 6 dB
noise difference between units is at the lower level of detection, the
weight and power advantages for the axial unit are substantial. To
improve the weight, and perhaps efficiency, of the squirrel cage unit it
would have to be run at a higher speed. The diameter must remain the same
to accommodate the high airflow. To obtain the same head at higher tip
speeds the blades must be changed from forward curved to backward curved
to accommodate higher relative air velocities. Both the higher tip speed
and higher relative air velocities would tend to increase the noise level
and negate any weight advantage to be gained. Although this comparison
was made for the cabin fan design conditions, the conclusions should be
similar for other aerospace fan designs. The squirrel cage fan must run
at lower speeds than either an axial or radial blade centrifugal and will
therefore be heavier. Present state-of-the-art efficiencies for squirrel
cage units are substantially below those obtainable from present axial
and radial blade centrifugal units. Therefore the squirrel cage design
will consume more power.

Flight Design Optimization Groundrules

The following groundrules were used for the flight design estimates
described in the following pages.

Power equivalent weight = 0.6 1bs/watt,

Fail-op, fail-safe requires dual redundancy, that is: 3 umits
installed, one operating.

Flight Motor Weight Estimates

The weight of a motor and its efficiency are directly related. The
major losses which are the copper and iron losses can be decreased by
increasing the amount of copper and iron. Since housing weight is a
relatively small percentage, about 20%, overall motor weight varies directly
with the amount of copper and iron used. Figure 124 shows a graph of weight
versus efficiency for a 12,000 rpm motor. This data was used for estimating
flight motor weights. Although the graph is for an 80 watt output motor 1t
should be relatively accurate in the range of consideration.
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Motor Weight Versus RPM

For a given power output, motor torque is inversely proportional to
Tpm. Since torque is directly proportional to I (current), current must
go up as rpm goes down. To maintain electrical efficiency iron and copper
weight must increase. Available motor data shows weight to be nearly
inversely proportional to rpm.

Bearing Losses
Figure 124 does not include flight type bearing losses. As the umit
becomes heavier bearings must become larger to withstand launch vibrational

loads and will have more friction at a given rpm.

Table XXVI shows test data for Krytox lubricated ball bearings of
different rpm's. Both units weigh approximately 2 pounds.

TABLE XXVI
BEARING LOSS
. Bearing
Unit RPM Loss-Watts
PLSS Fan 18,000 4
IM 13,000 2.1

From these data points bearing loss for a 2-pound fan is
. RPM \2
Bearing Loss = 1.23 10oo0]  °

- It also is assumed that bearing loss will vary roughly as wumit
weight. The estimated bearing loss used for comparison is therefore

Bearing loss = U—ni%ﬂe-i—gbix 1.23 (Iﬁ_RP_%IIUO_)Z = Watts ,

4
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Squirrel Cage Fan Optimization

Fan Sizing

The squirrel cage fan as received ran at 3870 rpm and delivered
300 cfm at a head of 2.4 inches of water. To meet the reguired flow of
400 cfm, and to keep the same geometry a 15% increase ( /00/300=1.15)
in diameter and length would be required. The increased size unit would

Tun at
3870 x Tl‘IS' x\ﬁzz—'_;su: = 3430 rpm

to deliver the required head of 2.5 inches of water.

The specific speed, Ns, of the enlarged fan would be

Ns = NJod _ 3430 /400 - 32,400 Tpm.
(Head)-75 (25 x 0.0765)-75

This is in the range of Ns=20,000 to 35,000 rpm which literature search
indicates is required for peak efficiency. For the flight optimization
the peak efficiency found in the literature of 50% was used. This results
in a fan input power of 236 watts.

The dimensions of the flight design are shown belforw_:k
4

Yo [
I\ |

ROTOR
Weight estimates are:
Rotor = 0.4 1bs
Volute = 2.4 1bs
Flanges = 0.5 1bs
Total = 3.3 pounds
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Squirrel Cage Fan Motor Optimization

SVHSER 6183

The optimization of the motor for the squirrel cage fan is shown
in Table XXVII.

TABLE XXVII

SQUIRREL CAGE FAN MOTOR OPTIMIZATION

N = 3430 rpm  Output Power = 236 Watts

O ) ,
Motor Weight Motor Weight | Bearing ,
Lbs/100 Watts @'SLbs 12 @ssw{a’cgzso 4
@ 12,000 rpm x2.36 1.23x
.5 4,13 .6
.8 6.60 .9
1 8.25 1.2
2 16.50 2.4
3 24.75 3.6
@ ® © @
Motor Motor Input | Power Total Penalty
Effic- | PowervWatts | Penalty | ~ Ilbs
iency~% | 236+ ~ Lbs @x 3+®
‘ .6x®)
.70 347 203 220.3
.72 329 197 217
.73 325 195 220
.78 305 183 232.5
.815 294 176 250.0

The motor for the squirrel cage optimizes at 6.6 1bs and requires an
input of 329 watts.
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Noise Estimate

The as-received squirrel cage fan noise level at 3870 rpm was 69 dBNC
after subtracting out the motor noise.

Since tip speed of the increased design is essentially unchanged the
only predicted noise increase should be due to the 33% increase in flow.
The fan noise variation with discharge flow, from the Hamilton Standard
Empirical Fan Noise Estimating Procedure, is given as

Ads = 10 log Q4/Qy ref.
In this case, a 33% increase in flow represents an increase in noise of
Ads = 10 1og 1.33 = 1.2 dB

This represents an estimated noise level for this fan at its adjusted
flow condition of 70 dBNC at 3 feet.

Since the fan noise is aerodynamic rather than mechanical no great
effort is made to minimize motor noise. However, a well-balanced motor
using top grade ball bearings is required.

Axial Fan Optimization

Fan Sizing

The optimization of an axial fan on the basis of geometry is pre-
sented in the section on Axial Fan Parametric Noise Mapping.

From figure 110 repeated here as figure 125" it can be seen that a
three-bladed rotor yields the lowest noise. All of the rotors presented
in figure 125 have efficiencies over 80 percent and are considered accept-
able for the Space Shuttle fan concept. Again, referring back to the
axial fan parametric mapping section, figures 109 and 111 were taken and
modified to include a line representing an 11,200 rpm fan. These curves
are shown in figures 126 and 127. The dotted line on figure 126 presents
the locus of an 11,200 rpm fan from which fan rotor efficiency can be
determined. Figure 127 presents a similar locus on a dBNC noise curve.
From these curves of an 11,200 ypm unit the fan noise and rotor efficiency
can be plotted as a function of diameter as shown in figure 128, Here it
can be seen that a 5.5 inch diameter fan is optimm from a noise standpoint
and a 4.75 inch diameter fan is optimum from an efficiency standpoint.
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Mother factor of concern in the fan is the diffuser efficiency.

This combined with the rotor efficiency yields the fan efficiency. While
the rotor efficiency is 90 percent at a 4.75 inch tip diameter the fluid
axial velocity is 72 ft/sec and the dynamic head is 1.2 inches of water.
At a 5.5 inch tip diameter the rotor efficiency is 86 percent but the
axial flow velocity is 55 ft/sec and the dynamic head is only 0.55 inches
of water. Thus, the friction turning losses and dumping losses in the
stator will be less and fan efficiencies equal to those of the 4.75 inch
diameter unit will be achieved. On this basis, the 5.5 inch rotor tip

diameter, which yields the lowest noise fan, was selected for the Space
Shuttle fan concept.

From figures 113 and 114 a composite curve was obtained for a 5.0
inch and 5.75 inch tip diameter umit running at 11,200 ypm. These curves
are presented in figure 129 along with an interpolation of the 5.5 inch
tip diameter selected. From figure 129 a gap to chord ratio of 1.5 was
selected for the concept. Little is gained by a larger gap to chord ratio
and the added overhang on the support stators could require an increase
in blade tip clearance of the umit.

Axial Fan Motor Optimization
Based on previously stated groundrules, a motor for the axial yfan
was selected from a total penalty as shown in Table XXVIII.

TABLE XXVXTL

AXIAL FAN MOTOR OPTIMIZATION

" N=11,200 PR Motor Output Power = 169 Watts
Motor Weight | Motor Weight | Bearing Motor Motor Inputy’ | Power Total
1bs/100 Watts (5 1bs 12 @ss Watts 2 Effic- ~W2§ts gmlty ﬂbm' ty
x1.6 x1.23(11,200 iency | +{ ~1bs 3
1.2 ‘m‘,wu} % | =® [@x3®
1 1.8 1.4 .73 234 140 145
2 3.62 2.8 B 221 1o 143
3 543 | 4.2 .815 213 127 13
4 7.2 . | 5.6 .84 208 | 125 17

-

The optimum motor for the axial fan weighs 3.62 1bs and requires an input
power of 221 watts. :
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SPACE SHUTTLE FAN CONCEPT

v Figure 130 shows the Space Shuttle fan concept. The unit uses a
large bellmouth and screen to provide smooth inlet flow. The screen is
located somewhat upstream of the rotor and also at a larger diameter, to
minimize pressure drop. The screen also serves as a safety device for
both the Space Shuttle occupants and for the fan.

A short 1.5 inch length of duct is provided upstream of the rotor
to allow the decay of the rotor tones to levels below those of ‘the broad
band noise. The airfoil shaped rotor and stator blades were selected
using the considerable previous airfoil experience at Hamilton Standard.
The rotor uses three, series 16 airfoils as blade sections. These blade
types were found to have both high efficiency and low noise. Rotor tip
clearance is kept small - 0.008 inch - to minimize the generation of
rotor tip vortices. Rotor to stator gap is four inches, which is ap-
proximately 1.5 mean rotor chord lengths. The reduction of noise for
increases in this gap length is small and a further increase in this
length will only increase the overhang of the motor. The verification
fan operated with a four inch gap between the rotor and stators and as
such, the experience gained on that overhumg unit aided in selecting the
gap in this fan concept. The 11 stator vanes of series 400 airfoils
were designed on the basis of optimum solidity for high efficiency and
low noise. To reduce the overall length of the unit many short vanes
were used ratner tnan several long ones. This also reduced the secondary
flow losses and improved the noise levels. With five vanes, the interaction
modes would be such that they would have a low decay rate for the second
harmonic, which thus would propagate unless very long ducts were used on the
inlet and exhaust of the fan. With 11 vanes, the interaction modes have good de-
cay rates up through the third harmonic and it therefore is expectea that they
will have dccayed to levels below those of the broad band noise by the time
they reach the fan inlet and exhaust. The vanes serve as the structural
supports for the motor. Following the stator vanes is another short two inch
length of duct and hub to allow decay of the rotor and stator interaction
modes. This also prewvents the unit from being installed too near a heat
exchanger or other system components, which would couple to the stator wakes
and cause significant noise.

- The overall dimensions including the bellmouth are eight inches in diameter
by thirteen inches long. The unit has an estimated weight of 5.4 < pounds.
The estimated power consumption and noise level are 221 watts and 76 dBNC at
three feet. :
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SPACE SHUTTLE PUMP CONCEPT

As noted from the IM pump and motor noise data, figure 10, the use of
sliding vanes produces significant noise. Significant sources of noise also
are expected from pump types utilizing intermeshing gears, vibrating diaphragms,
or oscillating pistons. Therefore, the centrifugal pump is expected to be
quieter than these other types. This conclusion was reached as a result of
the Preliminary Concept Definition Study, as summarized in TableXIV and supported
by the verification and Apollo hardware tests. Thus low noise and relatively

good efficiency make the centrifugal pump the best concept for Space Shuttle
application.

The selection of a motor to drive this centrifugal rotor presents an
important aspect of the concept. With a quiet, non-cavitating pump, the
source of noise in all of the testing conducted on centrifugal units is the
motor. The basis for this noise is both bearings and dynamic unbalance of the
rotating assembly. Balancing can be achieved upon assembly. However, the
bearing noise may be difficult to minimize. Figure 88 shows the difference in
noise spectrum using ball bearings and sintered bronze bushings. The 8 dBNC
improvement is significant and must be incorporated into the design. To
achieve long life, hydrodynamic bearings will be used instead of the bronze
bushings. These should have similar noise characteristics to the bronze
bushings tested. The speed of the unit for a 208 VAC, 400 Hz, three phase,
power source with a reasonable slip can be 5500 rpm, or 7400 rpm, or 11,200
rpm. A comparison of the performance efficiencies for these motors shows them
to be approximately the same. However, as the speed increases the unit becomes

smaller and lighter. As such, an 11,200 rpm motor speed was selected to power
the pump concept.

Punp COIiCe"pt ‘Design

Figures 131 and 132 show the Space Shuttle pump concept and its rotor. Flow
enters the unit through a smooth, well rounded inlet and enters the rotor. The
rotor design is similar to that of the verification test rotor. It has six back-
ward swept blades with a rounded, sloping inlet and rounded outlet. The 0.050
inch blade height is optimized for the flow and speed conditions. From the
rotor the flow passes through a smooth gradually increasing outlet passage. The
unit is driven by a motor whose electronics and stator windings are isolated
from the pump fluid by a hermetic seal. A well potted stator is utilized to
minimize winding noise.” The motor uses carbon, hydrodynamic bearings.

224



Hamilton

U
DIVISION OF UNITED AIRCRAFT CORPORATION S ER 68 31 )
Standard Ae VHS

A small portion of the high pressure fluid from the outlet scroll is
routed to the rear of the motor. Here it divides. Some passes through the
rear bearing providing a lubricating film for hydrodynamic operation. The larger
portion of the fluid bypasses the rear bearing and provides cooling flow for the
motor and lubrication for the front bearing. The fluid enters the low pressure
region behind the rotor and then is pumped into the main fluid stream and out

of the pump. Both the pump rotor and the motor rotor are balanced to minimize '
these noise sources.

The pump overall dimensions are 3.5 inches in diameter by 4.75 inches
long. The estimated weight is 2.5 pounds. The estimated power and noise
level are 110 watts and 40 dBNC at three feet.
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APPENDIX B

SUMMARY OF MEASURED NOISE LEVELS

Title

PART T - APOLLO HARDWARE TEST DATA

PART II - UNMODIFIED VERIFICATION HARDWARE
TEST DATA

PART III - MODIFIED VERIFICATION HARDWARE
TEST DATA

B-i/B-ii

SVHSER 6183

Page No.
B-1
B-18

B-32
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PART T - APOLLO HARDWARE TEST DATA

Title Page No.
CSM ECS PLV EAN - INLET B-2
CSM ECS PLV FAN - OUTLET B-3
IM ECS SUIT FAN - INLET B-4
IM ECS SUIT FAN - OUTLET B-5
CSM ECS CABIN FAN - INLET B-6
CSM ECS CABIN FAN - OUTLET (5 PSIA) B-7
CSM ECS CABIN FAN - INLET B-8
CSM ECS CABIN FAN - OUTLET (14.7 PSIA) B-9
IM ECS CABIN FAN - INLET B-10
LM ECS CABIN FAN - OUTLET VB—11
CSM SUIT COMPRESSOR - INLET (5 PSIA) B-12
CSM SUIT COMPRESSOR - OUTLET B-13
CSM SUIT COMPRESSOR - INLET (14.7 PSIA) B-14
CSM SUIT COMPRESSOR - OUTLET B-15
PUMP NOISE DATA - LM PUMP B-16
PUMP NOISE DATA - CSM PUMP B-17

B-1



SVHSER 6183
FAN NOISE DATA

TEST UNIT st CsM ECS FLV FAN

CONDITION :INLEI NOIske @ 14.7 PSIA

MIKF RAD (IN)Ys oz :

MICROPHONE= 75 DEG )

= 6028 = 59e08= 4Te03= A2.2t= 4HeHI= 526282 38e28= 35¢5
= 41e08t= 39603z 39e73= 45e22= 42.02= 42.53= 39.28= 39.2
3= 37e22= 3708z A40e2t= 42.858= 3752 40.0t= 40.0t= 357
H 3753 = 38e Tt = 3028 = B34e 7o = tHEY 210

MICROPHOME— 22.5 DEG
t= 63 5 Glhe22= 4B aB3= 4240

= t= 39.73= A4A6+58= J4e5:= 3440
= 39. 37-‘:= 35e58= 4le78= 41.08= 39¢7t= 37.0:= 38.7
3= U708 = N1l H5e58 = L4.08= 3BeTt= 43 e T8 = L4623 = 4040
= A45.0:= 45022= 37+5%= 42.53= 36.2:= 287

MILHOPHDNF~ 37«5 DEG

= 606 72 596 T2 = 4802 = 4le28= 40 T2= 45428 = 35.0¢= 3440
= 37.52 35672= 35+5:= 40e¢58= 41e55= 3Be5i= 36aTs= 3642
= 470:3= 4le B2 = 45 T2 = LEe 28 = L8 .28 = 450t = 45, O:.—: 4345
8= A4B. Ttz 4458 = (3%e22m 43eTiz= 3628 29,0

MIC POPHOVL 525 DEG

= 6le0: €0 T8= 49¢02= 43eTt= 4Te5t= 46eTs= 3Be23= 375
t= 37-7:: 3853z 3Be28t= (39e5t= 41.0%3= 39.7:= 3B.51= 40.5
t= 50008= 43eT8= 4Te28= 4B+53= L4085 A48e58= 4B.52= 45.2
$m ATeR28= A58 = 40e23= 42.08= 39.7t= 30.0

MICROPHONE= 675 DEG )
= 6205 = G2ebH3 = 51e53= 4628 = 45.73= 4TeT2= AD0= 39.2
g= 3T« 70= 3Ce02= 3955 = 3Te52= 4l1a53= A42.02= 39.73= 42.7
= 49.23m  A3eTim  ATeSi=  ABeLs=  43.7t= 49.5:= Sle5i=  45.0
3= HTe28= 45038 = 40 T2 = LP2e T3 = 4058 = 307

MICROPHONE= 2.5 DEG

= 6245:= 62428= 50e.73= 49.23= 45.23= 52.2:8= 2.0t= 40.0
= 3Be7i= 3C.73= 38.73= 37.08= 43.08= 43.03= 41.53= 432
t=  51e7t= 45.03= A4d6e51= 46+53= 43.5:= 52.2:= 4T.T7t= 457
= ABe5:= 44-5:: 410%3= 44.2t= 38.53= 315

173 GCTAVE BAND PyL DE RE 10t-13 WATT

= 75e2= TSel= 62.2= 56.9= 57.9= €2.5= 51.0= 49.7

= 5246= 50.7= 5led= 55.7= 55.0= 54.3= 51.9= 53,1

= 60e9= 55e1= 53e¢9= 5%.4= 54.9= 59.6= 60.2= 5640

= 58e7= 57.4= 5le7= 55.3= 5042 42.0

FULL OCTAVE RAND PWL DR KRE 10t-13 WATT
TG e 3= 6le 6= S640= 58 ¢ Q== 586 7= G2l
GEe9= 63e 7= Cleé= 56 7%

|13

B-2



o wOI ok DA

TEST UWIT :C
LONDITION
MIKE HAD (IadYegsh

MICKOPHONES 7€
§5.7i=  53.7
40e53= 4040
36-?:= 3940
43e23=  43.7

nouou i

ex B9 o2

MICROFHOUNE= 28,
= 55.23= 535
3Be73= 380
43235  AT.0
HEeDsz= AT P

»
®

L d
I ]

<
.

MICROUFPHONE= 37

I

ag

367 G2

4960

o3 as
| S
I
N W
°
0o
.
o

MICROPHONE=, 52
56«73 54

os er o3 €0
o #oH

46;00": 4’45.0

CROPHOUNE= 67+
5508 = 53

4960 249 60
43.5== 4416 0O

MICKOPHONE= 82
= 585.0:1= 5360
§= 3602 = 36Ce

o= 4B8e7t=  A4T7.02
= 456 7o = Lilie

N
w

OCTAVE BAND
69 e = 6ETeli=
52¢3= 51.9=
58« 7= 6243=
58« 5= 58.0=
FULL GOCTAVE BEAND
Tle8= 70 6=
6548= 63.0=

T I S I d

ftu

43608 =

37-9:= 3728 =
4772 52e¢ T2

I
= 3602== 35 7=

TA

LEG
PAR4 I
\3./0

23 ©% ©3 lﬂ L'f‘

oo

3467

5 DEG

Lille
37
47

nonon i

»
v
13
o
(3
°
.
°

«5 DEG
55.2:= 53+03=

43

8= 377

= 48 e

37

5 DEG
s = LEe
42

HES 41
5 DEG

g = FAVANY
L2

= 467

3= 40

«5 DEG

8= 2148
s= 42

45
s = 350

PWL DB
58« 2=
53 7=
61e0=
528 0=

37+2

5
i

427

0
5
5

]

0

7

0
O

497

0

0
0

» ()
s 0

2
7

ws o3 €8 oo
oo

SN FCS rLy RO
tOUTLET NOISE e 14.7 PSIA

3= dte B = L8 e Te =
1= B8.T73= 43.72=
1= 4GeTs= (39.2:=
$=  42.5¢= 35.28=

45.2
397
5045
432

42.2
43.0
4000
3745

o 98 b8 co
Bononn

3 o o3 o8

LI I I 1}

§ = 4B 655 = AR P =
i=  41.03= 43.0:=
s = 5002 = Hdle58=
2= 43eTe = 3703 =
¢ = 53.02= 43,08 =
HE 43e5:= 4303 =
3= 52.08= 43.0f=
:= 4808 = 4175 =
T A9eTi=  48.81=
t= 40.0:= 41.08=
t= AB.2t= Al.58=
S5¢= 4la.Ts= 3H.28=
s = 50.02= 49.03=
s = 40«02  4l.0O3=
t=  46.023= 39.2:=
= Ti= (32.08=

RE 10t~13 WATT

62e 4= E1l.0= 68 . 3=
S4: 5= 56:8= S57.0=
63e 6= S4s8= 575=
58el= 51.9= 44.4

PWL DB RE 10%v-13 WATT

58 ¢ 6=
62 1=

58+ 3= 604 3= 64.1
59, 1%

B-3

58.2
44 7
422
267

cs »e oo
oo

5545
4445
4267
30.0

* 0 oo
#oH Rl

48.0
41.2
405
30.2

s oo @0
oo

495
41«0
45 7
34.0

ae o8 o8
#oan

570
39.7
470
315

onon

we & @e

575
40.0
4545
28.5

e 80
o n

566 5=
49 6 8=
59¢ 1=

SVHSER 6183

U4l e 7
362
4165

425
35.2
472

36«

e 29 <O

Houn

o .‘ (2]

-
-

nowou

=

3deTém=
Je7t=

405
367
46e 5

Qb0 2
35.0
4567

4460
402
4600

50 6

52.0
57+8

e ©% 88 - ot 52

°e ¢ 00

R 1|

#onn

#nu

38.0
39.0
38.2 |

347
3665
4247

340
347

455

38.2
39«7
472

380
39.0
4400

38.0
415

415
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TEST UNIT "tLiv ECS SUIT rAN
CONDITION $INLET NOLISE @ 5 PsIa
MIKF RAD (IN):24
MICROPHONE= 7«5 DEG : »
8= T4.23= [L8e51= 65.08= 55.0t= (8582 48B.2t= S0.03= 57.9
= 53.08= 54.03= 52582 57.23= 6E6+78= 62e5i= 5SleTt= 48.7
= 5275 = 50.828t= 6leSHs= 58s 7= 5858z 69.5== 660t = 610
$=  53.2t= 55.51= 53.081= 51e02= 50.08= 46022 T3e73= 8820
MICROPHONE= 22.5 DEG .
t= 4B U= CheTi= 5451z BB«2:1= 4Te23= 46458t= 54.2
= 55e53= 52e08= 52.08= 56.73= 64.T78= 60« 7"" 4952 4967
$= 56428= 6leBSt= 6347t= 60.28= 60.52= 72.58= EBeTi= 605
= B56.7:= 62e52= 58.01= 5753z 56.5t= 52.53= 76.08= 88.0
MICROUPHONE= 375 DEG . . R
tz Th4e02= BTeT8= 64e58= 53e72= 67032 4T.08= 46e58= 48.7
t= D2e53= 40078= 5245:= 5607:= 62.7t= 58e08= 48.2%= 54.0
= 5fe58= 6852= 66401= H2458= 63.23= T2.0! 68.08= 660
= 60e08= 65408t = €2e21%  62+23= 59,02 56e2:= T6eTi= 8&7Te7
MICROPHONE= 525 DEG : v
$=  T4+03=  B88.0:= €5.03= 53+5:t= €7.03= 49.23= 52:73= 44.5
$= 49eT7t= 4708z S53e2%= H6eTs= 6le08= 5T7e72= 49«7t 5Z.5
= 59¢e7t= 65+55= 6E0e28= £5.082 66+Tt= T5.82= T0e¢5t= 6960
= GAe53= 674287 66023= 65.T0= 61le5t= 5B.0t= 80+.03= 88.0
MICKROFHONE= 67¢5 DEG v »
= 73. 8T8 Ehe2t= 53e23= 6EE6.7t= 51.53= 56+58= 50.5
1= 44 Ts= 4EeTi= 53e08= 55.02= 62+08= B0e0= S0eTt= 575"
t=  6Le52x= 65458= 69e72= 66e22 = 68.28= T6¢08= T2.08= 665
2= 65eT3m 67¢5%=2 67032 68.08= 64Ttz 60eTi= 80:Tt=z 875
MICROPHONE= 82.5 DEG .
t=  72.53= 87.2:= 640 54.28= 68.5t= S4.23= 59.23= 5542
t= 44, 46e02= Sle23= 5HlebSs= H3e78= 59 52e¢58= 5842
= 634082 6642t Tle2t= 67408= 69082 7T6e53= T2.02= 6340
= 64e 7t = 66 Ts= 6528 = 68.2% = G6e52= 62e08= 8BQeSizm 8747
123 GCTAVE BANE PWL DR KE 10t-13 WATT
= 9Peli= 1063z H3.0= T9e5= Bhelz= HBYsl= T0.0= 7121
= 3.1z A9.eS5z=  T0eBz=  THe9= R2.T=  YRBet=  HB.6= 129
= YbeTE BleS= HBYeB5= HKlaelz= BZed4= Fleb= BT7.45 B34
= 79eld= HRE«eT= ROe¥= RBle2= T8.2= (4:%5= 95.9= 106.2
PULL OCTAVE "ANT PwlL DR EE 101-13 wAIT
= 106eH= KO3z YHeT=  TTvZ= Bhe3= HB3.0
= H7eF= 9D3e3= HH0= HB3a5= 95. 1062
*

{B-4

5.9=



 SVISER 6185

AN NOISE DATA

TEST UNIT

tLM ECS SUIT FAN

~B-5

CONDITION O SOUTLET NUISE @ S PSIA

MIKE RAD (IN)s24 :

MICKROPHONE= 7«5 DEG

2= S50e22= 50e7tx= 45.02= 60e23= T3e23= 49e5t= 39.08= 48.0
= 43e58= 49.23= 48.22= 52.03= 55.51= H46e0t=  AB.TE= 5165
1= 43.52= 49.T7t= 58.02= HdsTs= 62.28= 6le0t= 64.08= '7200
t= 52473= 48e51= 55.08= 49.0:= 52:58= 4le5i=. T4eT8= 7645
MICROFPHONE= 28.5 DEG

2= 51¢0t= S0«23= 41.08= 4ileTs= 47.0%= 39.08= 3358= 39.5
= HheT3= 4358 = A8.2%= A8 Ti= S44T8= 43.03= 46+58= 510
1= 46453= 55.0= 61le53= 6662:= 64.08= 63e53= 66e53= TheO
= 5de 78 = 51e 7= 536 72 = S4e08= EB8eS2= 45¢08= TheHtz 7640
MICROPHONE= 37.5 DEG .

= 52.02 = 514282 41282 41032 46608 39.08= 340t = ,35’7
2 42e02= 41e28% 50628= 50e28= S4.08= 40282 45.02= 50.2
3= 484 T3= 55.08= 62.5t= 6EBe58= 65.23= 63.7T8= 67e28= 7742
22 58e53= 55:58= 59.0t= 55.03= 59.28= A4T7«T73= T8.Tt= T8+2
MICROPHUNE= 52¢5 DEG .

= 5108= 5008= 44782 EleSt= THe23= 5B0e22= 4lelBi= 47.7
¢z UGe28= 4B 0= 51.08¢= 53«22 51e78= 4.08= HhoeTs= 52.5
3= 49.08= H6eT2= 636022 6821 674082 66608tz 68¢5t= 7845
3= 62.03= 59eT7t= 6T+28= 55eT7:= 56e78= 5le5¢t= B0sZ2t= 807
MICROUPHONE= 675 DEG :

R 5202 = Sle7s= OQTe S8 = 6leS52= 71-1023? 51e¢2t= 437tz 49.2
3z H6eT2x=  48eT8=  Bla28= 53¢28= 49.5%8= L4 Ts= 45.7T2= 517
t= 50658 55.78= 62e2¢= 69.08= 60.28= 67+03= 70e58= T9.7
= 63 7i= 65e58= THe5B2z= 6E5.7¢= 68.08= 55:53= 8l.T8z= 825
MICRUPHONE= 82.5 DEG

1z 57«7tz 5640:= 5S52.0%= 61.2:= T3.78= B5le2t= 45.78= 485
= 45.73= 4T7e73= 49.73= S52.53= 52.5i= 44.2¢= 45+ Tt = 520
= 51.03% 55.7t= 63¢23= 684722 6T21= 664082 9.0tz 78,2
t= 61+03= 62e7t= 73285 61.03= 61.7t= 44.5t= BO«.51= 8l.2
173 GC0TAVE RAND Pwlh DbDE RE 10t-13 wATT

= AYeR=  69.0= H2.6= T6.3= BYelz= (548 5Te4= H39

= Chel= BleHz=  FATe5= FAYelds= T2:0= H6149= HA4+.6= 693

= 6Be7z (F4BT  19.5% HBB.2= B3.9= H2.1= B5.2= 94.3

= fRe9=  THe3=  HS5.0=  TSeH=  THe5= BT7.1= 96.3= 9647

FJULL OCTavR nAND Ful  Liv BE 10t-13 WLATT

= JReT=  KIe3=  Bfel=  YDe4=  T3.0= 4.8

= BEedx= 95«el= H6e3= H026= YHe3=  96.TY

*



TEST UNIT tCSM ECS CABIN
CONDITION ¢INLET NOISE @
MIKE RAD (INJ):24 . :
MICROFHONE= 7«5 DEG

= 5102 = HTe28= 4022 =
= 4R2.08= 48e.T2= 33.2t=
t= 33¢58= 3851 42.52=
$= 38Be73= 41e7t= 39.78=
MICROPHONE= 225 DEG

3= S52.51= S0.08= 41.02=
t= BUe7i= 43¢T7t= 32.5:=
$=  40e28= 4342tz 46e52=
= 4]le23= 46+23= 43e28=m
MICROPHONE= 375 DEG

8= 50e5t= 46.T¢= 38.5%=
t= 35.78= 39.08= 29473=
$=  40e52= 43.08= 48.52=
t= 405tz 45 T7t= 44258 =
MICIKOPHONE= 525 DEG

$t= D50e22= 47.Q2= 40.2%=
$= 38e08= 44.28= 32.0:8=
= AleT73m= 4352 4Te52=
= 42.08= 464732 43.08=
MICROPHONE= 675 DEG

= 49.23= 45.5:= 40.28=
8= 37«7tz 43473= 32.02=
$= 4QeTi= 44408= 5DebHS=
t=  Ale23%= 4TeTt= 42.28=
MICROUPHONE= 2.5 DEG

t=2 . 49.78= ATe0t= 40.2t=
t= 35e73= J355%3= 3leT2=
3= A2.28= 44.28= 50e58=
t= 30«51z 45.28= 40.7tm

173 GCTAVE BAND

% n

=]

R

FAN NGULISE DATA

' 39.23=

FAN
5 PSlaA

H4l.28=
34.0s=
40-53?
39.0s=

35.08=
41.03= -

4308 =

36:23=
33e72=
4102 =
41e52=
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33.08=
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=2 3T7e28= 40453 U2eT= 444082 4AdeT2=
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CONDITION

tLM ECS CARIN FAN
$OUTLET NOIbE @ 5 PSIA

MIsk BAD C(INY:24
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TEST UNIT
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t=  41.03= 39.03= 38.5:= 45.23= 52.2:=
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MICROPHONE= 675 DEG
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MICROPHONE= 82.5 DEG

8= 42.78= 47083 A42.5:= 60482 73.72m
2 46«52 4UBe5t= 43.0t= Sl+08= 455w
ta 57.0tm S57¢53= 56:02= 62:08t= T70:0tm=
12 57,782 56+21= 55.73® 53¢Qt% 477tm
173 GCTAVE BAaND PWL L[CE HKE 10t-13 WATT

2 AZ3.H=  Gdelz= BHeYs= 763z BY.l=  £5.5=
= H4de9= A5 1lz 60«l= EB3=  f2:5= 68s+1=
= Tled= F2e¥= T2e8= YTeb= Bldels THel=
= 13¢5= 3«0z T1e2= OHHe3% 63«9 5.9
PULL OCTavE BAND PWL DE RE 10t-13 waTT

= ATebm BYefz=  6B.0= TO0ed= T35 T6.0
= B5.2= HQeb=  TTed=  T0Os1%

:CSM SUIT GOMPRESSOR
sINLET NOISE @ 5 PSIA
MIKE RAD (IN)>:25

B-12

49.28 =
4573 =
S4e2%=
375

34:08=

4l.22=

572t =
397

34.22=
39.7:=
58«53 =
41.2

49.23= .

43+52=
6153
432

4953 =

45.08=
63¢28=
442

5002 =
43.2¢t=
65.22=
435

56« 7=
64+5=
T3+ 1=

SVHSER 6183

39.0t=

47.73=

50e73=

45e73=
52.72m

34.03=
44.02 =

'53.52=

39.52=

44.03=

55.21 =

41.03=
4502 =
58452 =

42«58 =
4658 =
89, 72=

64.5
669
T4+6

482
44 .2
517

37.2

4440
- 535

34+5
470
5605

U477
Sle7
577

487
51.5
59.2

48« 2
S1.7
59.0



FAN NOISE DATA

TEST UNIT
CONDITION

tCSk SUIT CUMPRESSOR
tOUTLET NOISE @ S PSIA
MIKE RAD (IN)3:25

i

T B

MICROPHONE= 7+5 DEG

tx 46.52= 4758z 40.02= SHe72= 6758=
3z 50.02= 4Fe52® 45.7¢= 52.5:= 52.72=
tn 49e7t=2 S56.72= 55.02=2 S6¢73= 60.02=
t=2 §le7tz 52.51= 53e233 54¢58= 47.58=
MICROPHONE= 22.5 DEG

t= 4623= Y4645t = 36.0t= 3B.28= 47.73=
t= 46.T8= UBeTt= 4leS8= 51.03= S5l.2:=
t= 514282 59¢72= 58.02= 57¢52= 60e72=
t= 55.7:= 58.08= 57¢5:= 58.03= 52.7:=
MICROPHONE= 375 DEG

8= 44.T7t= 47.2t= 35.7t= 38.5:= 49.2:=
2= 44021 44.02= 44.22= 51.2t= S0.23=
tz 5445:= 60¢28= 59.08= 58.5:= 6Hl.5:=
2= 57.5:= 5B.5t= 58.58= 58.5t= B535¢
MICROPRONE= S$2.5 DEG

t= 44.28= 49.2:= 39.5¢= 56:2:= 69.0:=
12 4608 474212 45.58= 85253 49.7t=
ta 54082 62¢7:z3 592tz 60.5tz H3.2t=
it 59.51=2 59.7:= 58.5tm S8.0t= 5YH.2t=
MICROPHONE= 67.5 DEG

5 4d4.51= 4TeS5t= 41¢02= 59.08= Tl.7t=
t=z  45.0:= 47.0t= 45.5t= 52.7t= 50.2:=
t= 56.08= 62.03= 60¢58= 61le5t= 63+78=
t= 5808z 60022 859.7t= 62¢28= 57.53=
MICROPHONE= 82.5 DEG _

8= 43695tz 4TeT3= 4f{le2%t= 5F28= 7T1e5t=
$= 444e53= 4S5.7t= 45.8t= 53.0t= 50.2t=
8= 56¢52= 61e.53= 61.5t= 62.23= 63.58=
itz 53712 54.718 55032 5308= 4(5+01=
173 OCTAVE EAND PWL ©DE RE 101t-13 WATT

= 63¢9= 65.9%= 57«12 T72.4= B8.1= £l.6
= 6%e6= E5¢T= H3eddm  T0e3= 6952 691
= Tleb= TBeb= TH«B= 7T7+3= HDel= TH3
= YS5«e0= T6e2=  THheB=  GHeH= T1e5= 667
FULL OCTAVE BAND PWwL L[E RE 10t=13 ATT

= AHeld= fH5.3= 67«5= TL.2= 15« 6= TG
= HRBelzm H2.4= HQed= TR0O%

B-13

4423 =
53.23=
58.2¢=
43.0

347t =
49.28=
60.28=
48T

34.22=
4752 =
59«72 =

50+0

45.012=
50«0t =

6102

480

47«72 = .

51.0¢=
61+5:=
515

4752 =
49.2: =
6002 =
412

584
T2«9=
Thal=

SVHSER 6183

38+.08= 465
56«73= 5142
56¢78= 5640
34.73= 38.7
54.7t= 507
59.03= 57+7
34.0:= 37.2
53¢5t= 50.7
58.2:= 6040
38.23= 45.0
51+5¢= 5247
59.28t= 610
39.08= 460
52+03= 53.7
61¢02= 615
39e78= 457
54¢28= 5347
59«78 5942
52+ 3

701

T75%



SVHSER 6183

FAN NGISE DATA
TEST UNIT 1CSM SUIT COMPRESSOGR
CONDITION tINLET NOISE @ 14.7 PSIA
MIKE RALD (IN)225
MICROPHONE= 7+5 DEG
tz 51032 54.0:= 44.2:= 615t= T4.23= 5053= 42.03= 507
=z 55.0%32 55¢2:=. 4B«2¢= 57¢02= 49473 4BeTe= 49.5t= §5.2
t= S58e¢72= 55.22= 56Tz 59¢53= HB.22= 56¢58= 58.53= 5H.7
t¢= 55.2:1= 53.0:= 49.5t= 46.78= 43.T7t= 38.2
MICRGPHONE= 22.5 DEG
1tz 5022 S53.2:= 4122 397z 4B.02= 38.02= 34.02= 42.7
t= S51le72= 516223 45.22= S2e7i= 45.02= 44658 = 45.0t= 515
tz 55e5t= 6065t= 628.0:= 61e08= HT7e2t= 56.08= 6002= 6045
te 57535 5728 5Bd«5:= 52¢08= 4T7.72= 44.0
MICROPHONE= 37.5 DEG
t=  49.5:= 52.01= 41.5:= 40.23= 48.5t= 37.2:= 32.5:= 38.5
tm 4982 = HYBeT3= 4545t = Sle78= 43732 L2.28= 44.7t= 54.0
1= 59.7t= 63¢5I= 63e22= H2+7:= 69e73= 57.531= 60532 638
tm 602t 58.23= 575822 H52¢T78= 49eT78= 475
MICROPHONE= 52.5 DEG
t= 48.02= 51+5t= 44.02= 61e22= T4.08= 50.2:= 40.5t= 48.0
2= 49eTi=  S50e08= 470722 5401 = 462235 4SStz 4HheS521= 565
1= 62¢52= 64.0t= 64T 64:28= T2.08= 60e22= 60212 6£3+5
tm  B2.73= 60.23= 6028 S5628= 53.53= 50.2
MICROPHONE= 67.5 DEG
17 49.281= S54.28= 44733 62+78= T5.28= SleTi= 44.53= 49.0
tm  48e53= S50.03= 4BeS:= S53e7xm 46785 4442tz 46+01m 585
$®  6U4eHI= 6645tz 66Tz H545i= 7373z H2¢73= £5:58m8 6545
tx £2.2t= 6Hle78= 60.7t= 58.02= 53.2¢= 505
MICRUPHGNE= 82.5 DEG
1= 49.0:= Sle5t= 44282 H1e53= T4a51= 5SleTem L46e5:= 4967
1m U758 49eT3= 48B:03= S53e78= 46¢58= 43e¢52= 4T723% 5940
1tz 6472 66e02= 6452 = 66408 T5.22= 64402 66:03= 645
1= 61e58= 6072t 59e72= 857¢52= 53.08= 490
173 GCTAVE BAND PWL DE RE 10t'-13 WATT
= 63Tz H6+49= 57.0% T730= BS«eT7= 62e2= Bleli= 615
2 6597 66¢0= 60+9= 68+3= 608z 59.6= 60.6= 69.2
= Tded= T6el2 T6e8= T6e5= Bhel= T2¢7= TSel= T642
= T3.6= T2:l= Tlel= 676 640 609
FULL OCTAVE BAND PWL DB RE 101-13 WATT
2 GBe9= BS.9= 6HTed4= T0.8= 65412 T79.0
= BSeSz= T9e6= TT7¢2= 69.8%

B4



. FAN NGISE DATA

TEST UNIT
CONDITION

1CSk

SUIT COUMPRESSGR

tOUTLET NOISE @ 14.7 PSIA
MIKE RAD (IN)>s325

MICROPHONE= 7% DEG
8= 5302z 54.23= 43c7t= 5858 Tle02=
t= 55.08= 57.2:= S52.2t= 59.02t= 57.02:=
t= S55.7t= B5Be02= 620t= 66428 ThHe52=
= S58e02= 59e03= 58e7t= 5840t= 50.2:=
MICROPHONE= 22.5 DEG
t= 52.73= 53.0:= 4128 45.08= BHH.5:=
12 53.0t= 55.021= S50e52= 58+2:= 54.2:=
t= 55e73= 64¢51= 66+5:= 67«0t= T308=
t= 62e58= 6H4.5t= 63e7:= 63«02z 55.51=
MICROPHOUNE= 37.5 DEG
t= 52.0t= 5408 4le5:= 4358 = 54.53=
t= 50e7:= 5S52.08= 500:= B9e72= Sl4e7t=
= 60¢08= 67e53= 67¢51= 6H68e¢28= T452=
1= 65:21= 64058 642 632:= 55.7i=
MICROPHONE= 52.5 DEG
8= 51e22= 52422 4573z 60e72= T2.2:=
t= 5023 50e7t= S51le2t= 597z 544021 =
te Hle22= 67278z 682t 69Ttz T4e72=
t= 67:08= 6602 65:2t= 6H2eT72= 5HB23=
MICROPHONE= 675 DEG
t= S0:73= 51032 45:22= 66+028= TT7.2:=
t= 49.0t= 5008 52.2:= 6021= SYHe.2¢=
itz 62.2t= 6840:= 68¢7t= T0e23= T4e52=
3= 65:2:= 6605t 6545:= 64423 S57.08=
MICROPHONE= 82.5 DEG
t= 58+02= 57¢03= 5322= 65.2:= T5.58=
$= 4T7eT2= 4BeT2= 52.0:= 5923z S4.72=
$t= 63e5:= 67+42%= 69e7:= Tle02= T2¢52=
1= 62.72= 6522 65¢2:= 63.03= 4T72t=
173 OCTAVE BAND PWL. DB RE 10t-13 WATT
2 665 H6T7ed4= SBedx TIed= BHe8= H09=
= 664 68.3= 65.1= T3el= 69¢l= 68.3=
= T3¢l 796 B0eb6= BLel= BBeT7= BO.8=
2 TT+8= TBesl=2 TT7«5= 762 6932 62.2
FULL GOCTAVE BAND PWL DB RE 10t-13 WATT
= T0e¢3= B5+22 6T7¢T7= Tl4eB8= T3.8= 80.9
2z 90.1lz B6s0= BRs6= TTelx

B-15

47+52=
57.23=
66+72=
425

4053 =
54.22=
660t =
497

3852 =
525t =
66e78=
492

48.03-‘-
Sle7s=
67+52=
50.5

5282
517
6845
48.0

o oo »e
nan

51+5:=
51.0:=
6802 =
345

54 5=
69+ 5=
80.1=

SVHSER 6183

40e78= 487
58.2¢= 577
64.08= 6T7
37¢7Tt= 442
54.73= 55.0
66e78= 6645
37+5t= 43.0
55.2t= 53.0
655t £9.5
4leTt= 48.0
52+08= 55.2
6T708= T70.0
43.23= AT+S
53+0t= 575
68-7;3 692
462tz 4T5
55.2t= S8.0
67¢58= 660
606

699

823



PUMP NOISE DATA

TEST UNIT:LM-PUMP MIKE RADIUS (IN>:24

MICROPHONE=
595 =
3058 =
3423 =
53.03=

CROPHONE=
6082 =
31s02=
33.02=
4908 =

CROPHONE=
5902 =
326 5:=
36. 7=
£46408 =

CROPHONE=
S58eT7t=
3002 =
37 7s=
4440¢ =

CROPHONE=
57¢58:=
3052 =
3472 =
45« 72 =

ROPHDNE—
56¢53
29-52=
35452
H6e 22 =

CROUPHONE=
55
33.0:2=
3878 =
4508 =

CROPHOUNE=
53e52=
31.02=
3005==
40

CROPHONE‘
53+02
3052 =
27« 78=
3752 =

CROPHONE=
5253 =
28«02 =
25«7t =
3758 =

. e o0 X - ..
LR R R T

Pt

non

0 T 44 se oo 90 X 4 s se T

IO VR | B I o R

] H [ T}

os o3 0 X a4 so o»

o=y

0 2 L,
- 0o n

ou i

o 56 oa % 2 .0 o8 00

e ¥ .. .
b "lnﬁlaws:

nou oo

*e

)
[]

0.0 DEG
68eT3= 5545t= 50e5t= 41.5:=
3072 33e28= 3B+03= 46.73=
30e02= 40408= 44.0t= 45.5:=
A9 eHt=  Uhe Q2= Adhde22= 4Hle02=

200 DEG

69¢08s= 55.5t= S0«0:= 44452
30e5¢= 324¢78= 34.0t= 37.0¢
39403= 30e53= 4le2%= 444.03=
L4758 = 4308 = 43458 = 4252 =
400 DEG

6858 = 54.23= 4BeTt= 4BaTi=
32.08= 32.7¢= (36e78= 4472 =
39.2¢= 39.78= 40«52 = H46e T2 =
39e73= 40.22= 40e53= 40.0:1=
60+.0 DEG

68e58= 5S2e¢78= 4765 42.08=

29¢7s= 29 0:= 327 4]l eHe=

36eTt= 39.2¢ 39.7

42 Te = 39-53= 4460
80.0 DEG

5808 = 50e03= 4T7.02%= 42.72=
30e28= 28+5t= 3le7t= 40.5%=
3758 = 39.0:= 40622 = 45458 =
42e¢08= 40.08= 4R T2 = 42402 =
100.0 DEG

nonoun
B
o)
®
v

*e 09 b o8

5628= 49.5t= 45.08= 43.73=
29282 26eTe= 31+08= 40.5:=
38e58:= 40e02= 4leTi= 46e02=
U3¢Te=  AleSi= L6.7s= 45.58=
120.0 DEG

55e08= 4T7e52= 42e7t= 4Je5t=
33¢08t= 29.72= 33«08= 40022 =
38e58= 3Be22= 4l.02= 44.5:=
J2eTt=  AleBSiz= 4Te23= H4.08=
140.0 DEG

53.08t= 45.7t= A43.53= 42.223=
31e5:= 28+58= 31.2:= 38.2t=
32.53= 36+53= 43.03= 45.0%=
3978 = 36e72= 38«52 = 38.5:=
160.0 DEG

52.5%= 4373z 43e53= 43.2:=
3le52= 28.2%3= 30.72= 39.7s=
30+ 72= 35e2:= 42.53= 4l.
37¢28= 35e2t= 38e52= 3T7e2:=
1800 DEG

52e28= A3e2%= 4d2e¢T3= 41.08=
3072 Phe T = 30+28= 40.0:=
31.2== 36es72= 4102 = 426 T =
36e52= 3502 = 35+5:= 36.22=

173 GCTAVE BAND PWL DB RE 10t-13 WATT

it oaf

T3e7= 80eT= 6Tebz= 63¢0= 59¢5= 56+6=
BTeb= 4UTe5= 4fhBelm 49e5= 5Teb= 44.2=
Sled= S4el= 553 5T7e7= 6149= 64.6=
61e9= 5943= 5T7¢8= 60+8= 58.8= 527

FULL GCTAVE BAND PWL DB RE 10t-13 WATT

Ble7= 65.2= B54e5= 52.7= 58+5= 58.6=

B-16

SVHSER 6183
33e78= 34.2
36+28= 43.0
49.7¢= 5062
34408= 33.2
36.08= 34.2
46(53= 47{0
33«58= 35.2
36« 78= 43.0
45{08= 48 .0
3328 = 32.0
31e52= 37.0
47€0== 43.2
34eTe= 3245
34eT78= 4047
51.08= 49.2
35.78= 327
340t 3845
51{03= 4865
3702= 330
33+.7¢= 3745
44{28= 43{5
34.0%t= 31.0
30523= 275
46e58= 4267
33e53= 317
30.0:= 272
42{08= 42.0
28+08t= 2647
29.23= 2745
46e52= 42.0
4943
552
63{2
690= HBd4eT=

633



PUMP NOISE DATA
TEST UNIT:CSM~PUMP MIKE RADIUS C(IN):24 SVHSER 6183

MICROPHONE= 0.0 DEG

= 59.5:= 60e52= 56¢53= 58e78= 42+02= 4T7«0%= 34e58= 35.2
= 29.58= 29.0:= 27.0:= 28.2:= 35.08= 26¢2%= 29.T2= 362
= 26e2t= 31423= 30.0t= 42.08= 37.23= 30.0t= 32.0:= 37.0
8= 43.08= A3e73= 4652 JT7e22= 46.08= (3642

MICROPHUNE= 20.0 DEG !

$= 59.52= 60.08= 56 7Ts= 5458 = 42.28= L4652 = 34.5t= .35.0
= 30e78= 30e28= 29¢22= 31le5i= 38.T3= 2822 29.23= 40.2
= 31.02= 3l1«0t= 3253z 43628 = 36.28= 38628¢= 3S5eT7¢= 40.5
= 4373 = 4B« H8 = 53e0t= 3962:= 46.08= 370

MICROPHONE= 400 DEG

= 60.02 = 6202 = 5522 = 53¢08= 41.5t= 39.02= 32.58=. 327
= 3802 = 3202 = 2802 = 3le22= 406 T2 = 2Te22= 30.02= 422
$=  33.58= 33e03= 29.53= 40.78= 36e58= 32s52= 3T7eT72= 43.2
3= 40.23= 46e22= 54.73= 38.08= 44.03= 3540 ‘
MICROUPHONE= 600 DEG _

= 58 72 = 60«52 = S4.0%= S51e58= 40+2:= 35¢73= 33«58t= 337
= 30408= 2945t= 27e2%= 29.08= 372t 262:= 32.0t= 42.0
= 3328 = 3508 = 33.2:= HA3e28= 36Ge28 = 34e T2 = 33«22 = 402
1= 42eT731= 45.08= 5108= 39722 44.53= 345 '
MICROPHOUNE= 80.0 DEG ’

= 59.2¢= 5972 = 53.0 49608 = 41.02= 43¢5 34-(3= 325
H 29.28= 208e02= 27.2

28e0t= 36e2:= 26078= 31e28t= 375
3240t = 31e53= 3445 58 = 3TeTe= 41e5
41e08= 4Te22= 4545 '
CROUPHUNE= 100.0 DEG

59¢23= 60.28= 527
28.0t= 26eT72= 2547
34.0¢= 32¢53= 35.2
H2eTs= 49.02= 53.0
CROPHOWE= 1200 DEG
57¢2t= BTeTt= 49.2

" 88 88 ¢

#unnn
£
W
.
o
(1)
]
w
I
*
(843
(1)
B
W
o
.
(£
&

(2]

>
fl
L

~

42.02= 48.0t= 357
39.52= 27.28= 28.5
‘ 38.0

32.2
4165
4665

o

o5 es o

tnan
]
o3
L
-3

W
023
L ]
-3
Bonoud
(€3]
(o}
[ ]
(@)
. o8
i
w
(8]
*
~3
e
i

o aa 08 00 K L. o0 o0 0 T oo «»
oo o= n
s o8 88
D
w
. .

[yv]
*s o8 86 08

CROPHOUNE= 1800 DEG
536 72 = 58 72 = 457
28e 7= 28428= 26+0
29e7s= 30e53= 29.2
36e02= 39e¢T7t= 4765

- 475
32.7
39.2
355

= 27e¢T3= 2847
2702 = 30.0s= 362
= 33.08t= 415

i= 43.0%= 43.01= 49+.03= 36eTst= 330
3352 = 33e58= 29¢73= 31e5t= 40.53= 27«7:= 297tz 43.0
3428 = 3402 = 326 T2 = 377t = 34.02= 3322 = 40658 = 4567
44003=  46e7t= 39.7:= 38.08= 41.0:= 33.0 '
MICROPHONE= 1400 DEG
$= 5602 = 56e 7= 48+03= 46e03= 42.73= 48¢Tt= 35¢7:= 315
= 3le52= 3leTt= 28Be5:2= 31.08= A42.03= 28¢58¢= 3leT7t= 425
3= 33402= 34e2:= 33e¢23= 40e7¢= 34+735= 32+5:= 38;Q== 410
1= 40e2%= 425tz 47e223= 41405= 48.5:= 3662 )
MICKOPHONE= 1600 DEG T
t= B53e5i= 53283z A45e58=  46e23= 40e23= 4347t= 32.5:= 30.5
&= 3002 = 2953 28.53= 32.02= 43.78= 28.02= 30e28= 39«7
= 30eT7t= 3245t 30e52= 40.51= 32.23= 28.2:= 31.5t= 39.7
H 39:02= 42e58= 4T72t= 35.02= 42.0t= 35.2
M
$

nnonn e—=n
“ s s oo
Honwnn

e 99 ¢ en

Hnnnu
S
wut
L]
(8}

173 HLCTAVE BAND PWL DB RE 10t-13 WATT

75+ 0= T6el= 69 e 4= 66 2= 53.2= 62« 5= S51le.4= 493

47 4= 4Te0= 44 ¢ 4= H6e 7= 56e5= 43.9= 470= 5749

49e 6= 4FeB= 49e9= 58.5= 51.8= 50.6= 54¢1= 6040

58e 6= 63¢2= 6T7el= 55.2= 61¢9= 584 ’

‘ULL OCTAVE BAND PWL DB RE 10t-13 WATT

T9elz= 68e2= Sle#i= 5le0= 57¢2= 5941= 59.8= 61{4= 69+ 0=

B-17

HoHop nl
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Hamilton u
DIVISION OF UNITED AIRCRAFT CORPORATION SVI’{SER 618 3
Standard RAe

PART II - UNMODIFIED VERIFICATION
HARDWARE TEST DATA

Title ‘ ?age No.
2 BLADED AXIAL FAN - INLET B-19
2 BLADED AXIAL FAN - OUTLET B-20
3 BLADED AXIAL FAN - INLET B-21
3 BLADED AXIAL FAN - OUTLET B-22
AXIAL EAN, MOTOR ONLY - SHAFT END B-23
'SQUIRREL CAGE FAN - INLET B-24
SQUIRREL CAGE FAN - OUTLET B-26
SQUIRREL CAGE FAN, MOTOR ONLY B-28
PUMP NOISE DATA, PUMP AND MOTOR B-29
PUMP MOTOR, MOTOR ONLY (ORIGINAL MOTOR}) B-31

B-18



SVHSER 6183

bOon NOPSH DATA
TEST INTT 12 BLalwl AXTAL FAN
CuNT TN tINLET
wIKE Bl (IN)E36

IO g RONER 0.0 DEG

= SH.PrE 9901 S3.51s  Al.O0t= HE.5I= 50e08= 48.08=  33.0
tx AMettE A2.0Qbx SOstta 53.01= AHeYis A2.012 5628w B4.D
t= L9088 JP.Ttw U1.Bim ide5i= BH. tx AT.01z  AARLEER H3 .0
12 fUedim HEeR3E leitm HBTeBHiz 534025 4lertsm M5-0$= HHah

MICROPHOUNE= 200 L
tm SH.0tw AO0.Fr2 S4.088  &l1.F

t= SHavis  §0e7iz  AYeTE= B35
te AYeTIR AYeBIm HOLTEe HRP2

N

.

AfeBte RleT2 5578 =  B3er
6Het=  GB.OL= 37{2§f 564
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SVHSER 6183

ERe01=  30.2
424282 H4B5
S8ett= 450
G61af3= Blet
L840 30
47+0ta - 5245
51eQ1=5 4547
89,012  59.0
210= 2947
H47+Dt=  BE.T
Bls2t= 4B.0
A0e51= A0
19+7t= £64r
Stz H9,.2
S5001= AB.O
68.21= 6340
20587 237
54.0t= 5945
48.08= d4.0
5P601= 6245
23+81= . 30.7
58e22= £3.0
P e Bl = 39.0
64613 BB
£3.02= 307
Sl et = B et
4F.0t 410
63.2t=s  H3.7
24.0:= 3247
GPeS3= AL
46032 35.8
BB Bt
204012 28¢5
B3¢0t 5945
47022 3645
BR.51= 63.0
UG eh

80.8

Bl

B4}



FAN NGISE DATA

TEST ONIT
CONDITION

tSQUIRREL CAGE FAN

tINLET NOISE

MIKE RAD CIN)t36

M1 CROPHONE=

f=  S5P.51%
ta  58.71a
ta  60.21=
3o S4eT1m
MICROPHONE=
t= 5Re5tn
1t 63.821=
3= 65.01=
= S58.08w
MICRUPHONE=
te  53.01s
it 65.5tm
3t £%5.Ttx
te  60.28=
MICROPRONE=
tm 52+01 =
tm  65.21m
tx 6601w
t=  60¢53m
MICROPHGNE=
8w 5083w
tx  685.8t=
t= 67.01=
ta 59.5t=
MICRUPHONE=
1s  49.0t=
tm  6%5.Ptm
t= 6651
1n 6021w
MICROPHONE=
tm  48.2t»
e 66+81=
t®  6S5.01tw
= 61le81x=
MICROPHONE=
te  48.0t=
3= 67eBtm
15 64.08=
gt 608t m
MICRUPHUNE=
tu 49.P2t=>
e £6+52=
= HdAdsTim
1= 57.01=
MICROPHONE=
tz 47.7t=
tw  63.5t=
ta 6378w
t=x  S4.0t=m
MICROPHRONE=
tx  55.5t=
t= 58.21=
12 65.53=
g2 55.7:1=
Mt CROPHONE=
ga 55«21
1z 62.5t=
tm 664231=
1= SB.51=
MICRUPHRONE=
ts S4.21m
Im 64.0t=
= 66.21m
t= 63.5t=

0.0 DEG
52678t 4352w
59.21a 6R.23=
57¢7t=® 6321
S1+2t=2 45.5%=

20+.0 DEG
53+7ts  42.21=
60+7tx 61402=
59282 62.01n
S6e7tm G53.81w
40.0 DEG
53+t 41.7%=
61812 5971w
62+713 685.L1c
5923t S5840t=
60.0 DEG
58¢53%w 152 =
62.0ts  60+21x=
64+51m £5:52=
5901 57.51=
80.0 DEG
50e8t=  4leLtm
618w 6l1+02=
685s7t®  TQe01=
58«5t  S56e71=
100.0 DEG
46+ Tt= 4123 =
62+08x EleS52x
65+58%  71+5=
89.2t® 58.01=
1200 DEG
G478 m  4QePim
625t 6]1e5tm
637t=  T2258=
60«8t 59.9tm
1400 DEG
39718 4058 =
6ReT71s  60-23m
62:01n  660t=
58+ 5tm 5Te73n
1600 DEG
38+.53e 4071=
61512 60+51=
B9e51m 6751w
54.2t% 52.71=
180-0 DEG
38+08= 41.5t=
59+21= 62.03=
5821z 66478=
50-013 47+2t®
0+0 DEG
51.08% 42.03=
38+032 £2.03=
57+73= 65.01=
51.08% 45s78%
20«0 DEG
S2eB3z fHleTg=
60+21% 61e.2tm
58«2tm  59.7t=
53«532 S51.03=
40+0 DEG
49.01m 4le22t=
60+7t= 59.21=
60+7t= 63.01=
59.2t= 57.0t=

50282 50.51=
60«5t BSB51n
53¢53= 57«78
41e0tm 37.01»
49.53= S50+73m
59+01s 62+5t=
$56+2tm 59.21=
S$0«78= 48.73=
49732 S50e51=2
60-01=x 63¢0ta
59«2t=m 69.01=
55«02 S2.28=
5103 50.5t=
6le7zm  62.2tm
6le02= 69«02t =
55082 52.71=m
S52¢7tm  Sle0t=
62552 6872w
63+0tm 6808
5508 5]1.58=
S4«51m 52.51=
62:0t= 64.0t>
6451 EBe7tm
56.0t= S52.71=
560t  52.0t=
61e5t% 64401 ™
64.5t=  £69.2¢=
58+0t= S623=
SlUeStm 5le2s=
61+58= 63.7t=
60.5t= 66+51m
56+01% 52.5t=
S4-71%  S52+.01s
59.7t® 6)e53m
58.53® 64.21®
Sl1e02x 4Be2tx
55« 58m $53+73=
60+5t%  58.01=
58¢71m H8.71=
45.0t= 41452 =
52Tt JRleT2n
59.81a@ 57.0%n
S56.288 65.2t=
42.53= JB.T3=
5228z 5]l.21=
58+21= 60678=
56+53= 65.08=
49.038 46+0t=
53.0= S1l.01=
60+21t3 62.51=
60+23= 70.03=
SHel2tm Sfle71m

SQUIRREL CAGE FAN NOISE DATA

B-24

57+72 =
59282
6021 =
31-0t»

367t x
60082
Glhe5tm
41+58=

55.02 e
61.02t=
65+ 7tm
4Be21m

58451 =
6151m
67¢5t=
4723

52.01=
6L+01m
657t
47.03m

55+58=

63.2tm

650t =
47.2tm

53« Tt=m
6212w
66.2t =
50+ 7tn

8heSHtm
6251 =
65+0tm
4571 =

S7+.21m
6201w
63.73=
4121

58.T:m
59.28 =
59712
35.5:=

5558 =
59«58
60+01=
387t

5221 =
59+ 58 =
62+73=
39.2¢=

51«88=
6021
62+88=
44+ 532

50.78m
65.01=
5373w
T12+08=

48453z
6708w
58.01=
T7+5%=

48.01=
65452=
5928 =
177+51=

48.7t=
67+5t=
62«01 =
TBs+02 s

49.5t=
67+08m
59.21=
T78+01 s

5058 =
67+52=
60452 =
T7+18=

49+58 =
68s73=
61.0t=
78e28=

494+7%m
6751
60+«53=
T5.53=

4940t >
6922 n
55.72n
772t 5

49.58=
68.0t=
S4e72=
17+58=

5022 =
6458
5878 =
8.7 =

49.28=
6T+72=
58«5z =
19722

4953 =
67+78m
60.22=
19+51=

SVHSER 6183

510
6845
50.2
73+5

$3.2
16 +5
555
782

54 .0
745
58.0
78.2

54 .2
73.0
58.2
182

54.0
7245
59.5
78.2

33.7
71+5
$9.7
V8.2

537
1040
3040
787

53.0
6945
58.0
76«5

527
752
545
78.2

5045
755
53.0
780

537
185
585
80.0



MICROPHONE=  60.0 DEG

tm 3Re712 4945t 41428t S53.21t2 §50.7I=
ta 64.7c2 61.0t= 5958 672z £2.51=
s 65.23= 63.71% 69.0t= 6403 74012
t=  62.5t% 60.23= S58.51= S55.71z S53.8tm
MICRUPHONE= 80.0 DEG

T2 S50.7t= 4Bs7t= 40+21m 52.7tx= 50.58=
Iz 65218 £1.21% 61.0im £2.088 £3.51=
It 66.02tm 65.08 69+2t8 640735 TR.21w
txm G0e7ta SB.S5tm 57.653im 8§5.51% 52.51%
MICROPHONE= 100.0 DEG

ta  49.0t= 48.21F 40.08= 53453 51.01%
12 65.7tm BH)aTr=® B2+035= 61e5tv 63.78=
1 66512 65.51= 68.71% 64012 65.81=
ta 59.7tx S7«718 57.71= S56.0t= 52.8t=
mMICROPHONEs 1200 DEG

1e S51e0fm 4T7.732 40217 53.53= 51.28=
te 6651z BHReTt® 6071 61+5t= 64.0%=
tm 66+5i= GA.212 69.01= 63.0ts 68.21=
tn  60¢7tx 60.03m SBsSi= 57.08= 54.8t=
MICROUPHONE= 140.0 DEG

1t S58.2t% 47+71% 40.53= 54.08% 51.0t=
t» 66.8tw 62.51= 60.53= 61.01= 63.21%
tu  63.0tm 61e81m 69,513 61.23= 67.73=
te 60.5t= 59.0tm 58.28= 56+08= S54.01=
M1 CROUPHONE® 160.0 DEG

tx 52.7tw® 47s0t= 39.53= 52.5t= 53.03=
tie 65.0ts 60+.51% 61.5t= 60.2t= 62.58=
18 62.21m 57.53m 65.5t= 58.51% 66.28=
ta 57.5t1% 55.2t= 53.08% 50.51= 48.0%=
"I CROPRONE= 180.0 DEG

te %3.01m 48.5%z 40.7tm 53.733  S54.0t%
1= 61«7tm H8e7tm 63.03= 61.03= 5945w
1= 61e5t® S6eT71m  T1.58= S5P.Tt= 68.72m
12 56+22% S52.2f% 49¢51% 45.58u3 42.03=
173 OCTAVE BAND PWL DB RE 101-13 WATT

m 69s4m 67+l SBe3m  TO22 68.7% T3.0=
m Ble9m 78BeRu  T8.0% 77.6m 793 TB.2w
u B1.93 TBe8B% Bhedw T7+5= Blhe9= HBla9=
v T6eTm  Tholim T2e9w  T0sTm  6Belw  H1.8=
FULL GOCTAVE BAND PWL DB RE 10%~13 WATT

= 7le6z TBe8z BLe3n BR«T= B6+3= 92.8
m BBsIm B3Iabm IFeTm  IReO= 94.8=2 95.5

*

SQUIRREL CAGE FAN NOISE (CONTINUED)

B-25

5008
62.01=
6640t =
4651

Sle7t=
6278=
64451 =
4722 =

53+03=
63-0t=
66+51=
47.2:2=

54.0t=
62-82=
69-03=
48.53=

55.08=
61:02=
680t =
47402

59+5t=
61Tt
630t=
41e23m

59+5tm
60T2=
63228 =
35«5t=

66+ 5=
B4 o3
(Gebm
94.8m

SVIISER 6183

50«01 5S40
68.0ts  73.7
6108  59.0
79285 79,2
49«71%  53.7
67+d3= 707
5973z 5845
TTT3m  TBAS
49.58=  $53.5
66738 750
60-51= 60.2
782t Y87
S0+01m 5345
67.08%  77-0
63.0t= 6045
79538 BO00
49.03=»  53.0
&6+718  70.0
61.28m  $9.0
16222  77.0
50.08= 52.0
6723  Tle7
SB.732 5647
78+882  76.2
51-0tm  49.2
65:58= 717
58.21a 55.2
7708 T7.5
69.9

92.3

T4+5

955



FAaN

TEST UNIT
CUNDITINN

NUISE DATA

1SQUIRREL CAUE FAN

L ODTIET NOTISE

MIKE RAD (IN)>336

MICRUFHONE®
32 497012

2= 60.28=
[ 6Tt m
= 537t »
“ICROPHONF =
tx 50.51=

te  A4eSts
1t A7.03%
tw  $7.53s
M ICRUPHONE=
t® 50«78 =
15 R6.23=
tn fRTtm

te 59.08=
VICROUPHONE=
tz2 S56.0tx
gt H6.Tt=
t® £5.5t=
= RG.2t=
MICRGPROUNE=
te S56.72n
e A5.5t=
tr £5.58m
te  S7.Pt=
MICRUPHONE =
tx  5]e5=

$tm  6HeHLm
15 6578w
tr 59.7twm
MICROPHONE=
t= T eHt =
t= £7.01=

t=  65.2%=
1= 60.01=
YICROPHONE=
tm 45.51=
ta 667t m
I AR.21twm
tm S58.7t=
MICROPHONE=

37 43.21w
e A5.5tm

1= £5.5a
tm 56.03=
MICROPHONE=

1= 4473w
1= 63.01=
12 £5.8tm
tx S56e7t=
MICROPRONE=
2= 49.78=
t=x  £P.21=
ts  BAStT
te S54.00=

0.0 LEG
484582  45+51=
B0«Ps= 62.01=
60«0t 6845t m
S2.28% 48.0t=

20+0 LEC
4958 =  45.91=
BleTtx 60+Ttm
6RTtm  67.01=
57¢85tm  $55.0t=
40.0 UEG
49e7tm 4551w
6l.28m 59.53=
63087 66-532
59672 %P5t =
#0+0 DEG
53«51 4B+03n
Hle53= 59.51=
622t 64.2tw
61e73% 60¢52m
BOs0 DEG
57.58m SH.01=
68022 5971w
62.08 = 639t x
58.23= 57+08=
180.0 LEG
49:0t=2 4628 =
62.01= 59:01=
61:7t= 63.72=
61.03= 60+21=
1200 DEG
46+Ptm  43eT3=
62e58= 58.83=
60778 62458
60+51= 59.51a
140.0 LEC
43.28m 43.5t=
61712 58.01=
617t 6PeSt=
S8Rtz S56s7z=
160.0 LEG
4228 43e71=
60,232 59.01=
62+7t= 6305t
55«5tz  S53.21=
180.0 LEG
43.583 4S5.231=
59+.23= 60+72=
62.282 6£3e21=
56+28= 51.01=

0«0 LEDL
43tz 42403 ®
59+01= 61.23=
60e08= 6&4.02=
525t 487>

4903 e
59.78=
640t @
4358 =

S0e71tm
597t=
632t =
510t =

50«21 =
60eItm
61.5t=
57+ 58

5078
6258
6le73m
58+01 =

585t
62.22=
62«5t =

SleZtm

51.21=
61e0t=
62+58=
57.03=

51.73=
61«0t =
60+ 52 =
5752 =

51eEt=
61.28=
57458 =
54«08 =

Slelt=
590t =
SY9eBim
507t =

53eE1t=
59.2:=
60.282
460t =

49.08=
59.2t =
S57.22=
46452 =

5258 =
57«0tz
Ghe2t=
37«72 =

5328w
60+83=
61458
47Tt

53+5t=
61.03=
6173
53+52=

53.58=
6152=
62722
550t =

59e72=
60¢53=
62.02=
49408 =

S4.Ltm
61e¢52m
62.28=
53s78=

53e¢7t=
61+52=
6228w
S2.73=

53+ 53m
6053
58+5t =
50«7t =

52¢51n
59+72=
6072 =
4653 =

61e58=
9612 =
68.28=
4065t =

51.71=
55+5t=
5878t m
4000 =

55e¢51m
59 .01 =
6851
275%=

Sha7tn
59 e52=
63.28=
3%.0t=

53¢52=
60.21m
65.02=
485.73=

53.23=
62.2t=
64401
48«0t =

61:0t=
6253 =
6leitm
4108

56 .28=
6252 =
64651
46.731=

56«52 m
62.58t=
640
45.23=

58.23=
€l.51=
62.51=
4358 =

58+51=
60«72 =
583z
38215

59.7:=
60.5:=
6221
33.0:=

57«13 =
5821 =
58.23 =
32.01=

SQUIRREL CAGE FAN NOTSE DATA (CONTINUED)

B-26

SVHSER 0183

50512 55.%
62.082 A6.0
57«0ts  57.7
4582 7152
51«93= S58.7
B4t 655
58.03= 56.0
4T3 75.5
50735  59.2
4.7t 71.0
61032 58.7
15%8= 77.0
5101 59.5
65+02= 69.7
AReTtm 597
T15«83x=  17.0
585tz H0.5
65.,2:= 71.2
60«7s= 570
L1908 7742
5145 575
SheTtm  TE+SH
62451  59.&
T85+7ts 112
S51e83= S7.2
65«03 7340
614082 585
TSe¢Tt= 775
50.8:= 55.2
6S5¢2t= T4.5
59.7t= 58.0
T6eQtm  T1eH
49:51=  55.2
65012 AK9.2
540tz 53.0
T3+98= 7150
49452= 53,2
63:0t= 71.2
59732 55.0
T453= 75.2
$1+08m  55.0
62252  71.2
56.0t= 52.0
7352= 750



M1 CRUPHONE =
te  S50.08=
] 6508
t= A7.21=
ta 56.21%
M1 CROUPHOUNE =
tm  50.53=a
s ARsStm
tm  68.0t=
te 59.23=
MICRGPHONE=
$x  64.01=
tw 656428 =
= 67.01=
te  57.5tw
MICROUPHONE=
L X ] 62+.58=m
1o 6£545tn
1w 66e7tm
tn S54.01=
MICRUPHONE=
82 66e7tm
12 66451
t= 63.71w
tm 59.08=
MICROPHUNE=
= S1«51=
tn 67.8tm
t= 63.0t=
tm 59.51=
MICKOPHUNE=
ta S1.7sm
tx 6723w
t= 62.08n
1= 58.2tm
MICRUPHONE=
= S50.71=
e £6.2%m
tm H63.21=
t=  55.23=
MICROPHONE=
3= 50.2t=
t= 63.0t=
t= H6le5tm
1= 52,08 =

20.0 CEC
LGl.28m 4U2.T1E
60«7t= 59.7t=
61+78%  66+03m
S4«T721= S52+28m

4040 DEG
4%.21= 43.2t=
6202z 58.21»
63.0tm  65.21=
59+5t% 58.5%a

600 LEG
60«5t S56.01=
622082 59.53=
62.0t® 64:01=
575tz S5B.53a
$0.0 DEG
b0t (6521
63212 62012
61¢58m 6£3e78
53212 49.73e
110-0 DEG
Ghe21m G1e51m
6ReBtm G59.T71=
61+282 £5.71=
59¢01= 57.28m
1200 LDEG
50e88= 45.2%m
62521  59.21=
61+5t2 66+01m
59¢58m  S58.2¢m
1400 DEG
49.288  43:51=
62.0t= SB.T1=m
60518 6552 =
59473 = 56¢ Tt =
160+0 LEG
48.83= 42,73 =
61+03% 6£0.52=
59«2t 642t
S6e08x 53.08=
180.0 LEG
HTe2tm {4273 =
5978= 6leTt=
58+¢08= 59.8t=
52.5tm  50.0t=

173 GCTAVE BAND PWL LB RE

49 et 52.0t=
58.0t= 59.58=
59.2t= £1.08=
50622 48.08=
50.2tx 52+.51=
59.7tm  60+78m
60.5t2 58.5:=
5%.5t% 52.01®
5621 55.73=
61.212 61.01=
60.21m 60,2t =
B4 7% 49e58m
6573 n 63+72tm
6271 61.0tm
60«2t 58.01=
Q3.51= 37.78=
59«7tm H8.231=
62+5t= 6H1l423=
2.0t 6f.22=
552t 5078
50088 53.53=
62038 6H15t=
6173 6l.21=
55.51% S51eTt=
48+ 7%=  53+0%=
61e5t= 62032
60+2t= 59,58 =
54213 50+21=m
4Be73 = 5328 =
59212 60.78=
S8.7t= 57.73=
50«7t=  4640t=
4F«03= 53¢88%
6Q.0t = 5708 =
5758t 59.5t=
H4Ae22tm 385w

101-13 WATIT

m T2+4m  TJOe6m  69e2m  Y0eBm  12.3m  TldeRl=
5 B2¢eT2 TBel32 7693 7Ttz TTe3x 17.9=
w A2.8m TB.T7ax 82.0x T7elm [7.8z J9.3=
B Th4eSm  TH4e9m  F3.3® T0eb= 66e8= 59eSnm

FULL GUCTAVE EAND
Tlel4m
Bl.8ax

- THIm
- RlU5m
‘

B83.6=
T9«1m

Pwl. DB RE 10'-13 WATT
BR2e4m
124w

84.2u
92+ 4n

90.5
93.8

56408 =
590t =
622t m
40«23 =

B4.5:=
61-0s3=
6108
G ey s

S48
62.01=
61l.53=
42451

63.21=
6222
62535
Il.73=

ST7e52=
62«58 =
6202
425t

55.2¢t=
61e5t=
62+ 51m
44e82m

5601 =
61:03=
62e58=
42.21=

5728
61+02=
59t
38.51=

5B+ 52 =
60+7t=
61e53=
30.08=

69 8=
Bl.8=
76+ 3=
92 y=

SQUIRREL CAGE FAN NOISE DATA (CONCLUDED)

B-27

SVIISER 0183

50.78= S$7.0
65e58= 757
A0e51m  54.5
T7+5%a  1B.2
50.23= 58.0
66.02= 76.2
5872 5847
78.0t= 79.0
52+.53= S58.5
6S5e73m  15.0
61e2tm 57.2
16122 19.0
£3+T78= K47
65+52= 75.2
5928 54.5
16+58=  79.0
584083 5947
64.2:= 692
60+7t= 5647
T4.5t= 18.2
50512 59.2
64723 58S
6Qe782 575
T4«8= 750
50.2832 59.5
84232 HB.5
59023 55.2
T378= 7547
50582 58.7
85.08= 715
56013 53.2
T40= 7547
51«5t= 56.2
6352= 47.5
S54.2t= 51.0
Tle7t= 7345
753

89.3

7346

9348



FAN NGISE DATA

TEST UNIT
CONDITION

$SQUIRREL CAGE FAN

MIKE RAD (IN2836

MICRUPHONE=
Iw  39.08m
1t 35.71m
tn 52.01w
I 54408
MICROPHONE=
t= 39.71w
te 35.7%w
t®  57.0ta
it 55.51w
MICROPHONE=
tx 39.71m
$tn 3608w
te $57.0tm
t=  53.5t=
MICROPHONE=
tz 38.7tm
tw 3608w
18 6058w
1= 52.2%m
MICRUPHONE=
tm  36.0tm
L] 3628 =
1t 61e5tm
te  53.21m=
MICROPHONE=
$= 33.0t=
1= 36.0t=
te H].0tm
t» 4B8.2:=
MICROPHOUNE=
31z 34.78=
tm  36.01=
ts 5821 m
t=  46.0t=
MICROPHONE=
g 36.71m
tm 3578w
te SBe.28wm
1w 43.28m
MICROUPHONE
13 36.7tm
LR P6eltm
t2 56.0tm
12 4H4.0Otm
MICROPHONES
ta 37.88=
t=x 27.01=m
te 48.21m
te  40.02=

173 GCTAVE BAND PWL DB

tMOTOR ONLY

0.0 DEG
40.8¢tm 30.03=
35.71=  31.231m
57+51= 77.2%=
S53+78m  4B.7T2m
200 DEG
4l.7t® 300t
35.7tm 3158w
86+7tm  76+5tm
63:.5im §2.51a
40.0 DEG
39+73=  30.08=
3640tz  3].51=
S4.2tm  T4eT3m
56« Ttm 4772
60.0 DEG
41.28= 30012
36.0tm 31.51>
515tm  71e7ts
S5leTtm 51232
80.0 DEG
41.03m  30.28=
36082 31.5t=
H46+5158 64451
53«71% 497t =
100.0 DEG
39.0:= 30.01s=
36.0t= 31.01m
47+2tm  634T3m
48.5t= 45.02t=
120.0 DEG
39.03tmn 30.0tm
36.03= 3]1.5t=
43.0t= 60«73
48.23tm  39.0tw
140+.0 DEG
3778= 30.01=
3A6.23= 31.23=
43071 6107w
44,08 = 38.0:=
160+:0 DEG
35.7tm 23+.2t3
6.7t 25.08w
45078 63.03%
4758m  38.03=
180.0 DEG
36+0t= 23.53=
2647w 24401
46788 6£6+08m
41e28m 3BsTtwm

37782
4}453=
66.2t=
HleTt=

3112
39.53=
66«02 =
45«08 =

375t=
3973 =
63.22=
427t =

38.08=
39.7s=
59Tt =
42.08=

38.2t=
4102=
55.2¢=
44403=

3758 =
3958=
S54.23=
37.0t=

37-0t=
39.08=
55+ 52
33e.23=

36.73=
40.28=
59¢01m
33.2t=

89.23=
40.21
6l-73=
31.73=

29.2t=
410t =
61l71m
28.72 =

39+0t=
40+03 =
6571w
40+5t=

3B+7tm
42458 m
67+53z
4228

37+5%m
43.0t=
6603z
40+52=

37¢7s=
39+72t=
63+02=
36.21=

38.2:=
412t =
62408 =
3753 =

36.01=
42452 =
S0e 782
33.73=

35.08=
43.52=
59.0t=
32.23=

33-T1=
41.03=
53 e52m
32+ 73

26+5t=
38.23=
S8e72m
30¢7t=

2702 =
39+7s=
5821
2447t =

RE 101-13 WATT

a §7.1m 599w 49B= HTedx 56472 SPeP=
® 55.8n S5.8m 51.2% 60+0= 61+9= S57.7=
= 79.6n TO:4= 9Q.0= B0.0= B2.3% Hl.9=
® 7122 ThoaSm $7e9= 6098 56492 52.9%
FULL OCTAVE BAND PWL DB RE 10'~13 WATT

# 6203 60¢78 5T7e72 61.8u 75.2% 92.7
» 91.0m 8328 T6.82 62+8=% 95.4x 95.4

*

3203w
34+288=
62+03w
36+5in

32.03=
36«5t =
61+51=
3928

3201 =
35+ 78 =
6453w
35.0:=

3258 =
37e78m
59085
31«02=

32.72=
38e73=
5402 %
33.23=

32.528=
39+21=
55288z
31-51=

32.5t=
37+51=
6leTt=
30.01=

32.0:=
37+0¢ =
65:78=
30.08=

2478t =
340t m
66+5t =
U451t =

25.21=
31.2%=
§3+72m
20238 =

49 .8=
T4+9=
165.2=
954

SQUIRREL CAGE FAN (MOTOR ONLY) NOISE DATA

B-28

30.0tm=
460780
6145t
7908 m

30.01=
51+28=
62e58=
79.01=

30+08=
53.73=
59.78n
T1772=

30.08=
5708=
56 .28
7682

30.01=
5658 =
555
75+0t=

30+03 =
5578 =
4928 =
74.458=

30.02=
5401 =
S51.72=
72403 =

30.03=
51.08=
S1.2tm
73.23=

21l.2tm
49.21=
54.08=
T2e58=

22.08=
41+08m
49.21=
69.02t=

507
925
70.2
95+4

SVHSER 6183

307
6245
5542
8.2

31.0
690
5952
7845

31.0
687
512
770

3140
73.0
52.0
76 2

307
145
487
1545

3067
T45
47.0
75.0

31.0
705
465
1295

307
712
48.0
732

2447
69.2
50.7
TE+5

24.7
61«5
4745
6845



PU¥P NITSE DATA

NG Gk [EST
w4k BALIYS

TEST CONDITION

MICHIPHOUNE=
e dh.ftnm
ta  1D.Btm
tx 3D71=
ta 34.Pte
VICHOPHONE=S
t= 3471w
1w O3.%1w
1w PYettw
tw 34,5t
¥ lCHUPHONES
tm 37.5t=
1= 2072w
ts  35.85%
e 33082
MICHOUPHOINE=
te R1.08=
te 29.%9t=
tm 33.0t=
te  32.0tm
MICRGPHONE
tz 37.01%

te LY X
te PG.7tm
ta 33.8tw
MICROUPHRONE=
te  PT.Atm

fte P%.7tm
t= d3.21=
1 34.2t=
MICKOPHONE2
te K.Y tm

e 2071w
15 33.01m=
tx 3h0te
Wil CHOPHONER

t= 15.0tn
I PP.0%m

= 33.2338
te 35.21s
MICROPHONE=
te  35.08=
e P22.08=
te 33.0t=
te  37.71%
MICRUPHONES
tz PH.QIm
tx Sd.Y%18
te 38.71®
ta  34.2tm .
" WIERDPRONES"
1tz 32.219
tae R4.0t%
ta  39.0t=
te 30.0ts
¥ICROPHONE=
Iz 28.5im
Im 2%.0tm

tw £9.0ts
tm P7.81%

BOINTS20

CINDY S

1.9
32.0t=
1R+ 58
34Tt =
d36.01=

240
4P Pt
22e0tw
33«78=
35:88=

340
36.9¥m
19:.58=
33.0¢=
35512

40
RERNE B
Pl
d1.81=
35+218m

5S¢0
IH. Gt
BY4.0%=
3P« Phm
3407%m

6.0
3023
S4ePyn
A ePie
d6eRYm

”",D'
38.0%=
2002 =
3108
36+ gam

B0
ARGt
2051 =
31eTts
36+5F=

9l
37 Th=
20eTte
33500
38+ 54=

100
PHe54m
22. 98
33.08=

J4e 58

risg
384Bgu

2Fetam

31+08m
31e7pm

188
3484
20e8tm
29+ 7tm
28.0¢m

136 i
L SPUNP AND

i

20« T3=
14+0%=
37+ Pt
350584

30.5¢8=
1640%5
36.08%
33.04%

19.0¢8
17208
A58
33+ 58ie

23 5';“
20-ﬂﬁﬁ
33.08F
32+ 0%=

37-5%:
1358
30-5{w
32«78

P4 TER
16+ 50
35-7‘?
34. 7\*;”*

20,088
21egtm
3588
33.0¢m

P6.5Es
13.0yp=
35.8§=
29, T8k

20.5¢=
17+58®
37+5¢m
29478

20«58
19.2t%
36.08=
31s0tm

29.02»
22.0¥8
29.29s
2900*f

24421R
la.ﬁ&h
30eQfn
2708

MuTOHR

&

-

.

T
s we b o
non B4

B nonon

o

o

°
SO
¥ B on

320t =
25+01 =
4D e Stz
BPePt =

L6eSt =
24.0t=
B0tz
3% Ht=

2503 =
16472 =
36Tt =
29«72 =

31eBex
184958 =
4GPt =
30 Btz

2302 =
1608 =
40408 =
3102 =

H

PGel2=

26.01=
3072
{43eHt =
20678 =

30.02=
22.0t=
45.9¢
P6e22 =

KRNI
28.01=
45Tt =
28.0=

32.7t=
265t =
4740t =
BYTt=

3L Dt =
QhvTe=
45«08 =
38«08 =

290t =
s T8 =
4608 =
3leTt=m

30+0t=
R4+ St
45.88n
078w

33602 =
B0« Te=
41403=
2B+02=

36Tt
205t =
43058
23«71 =

6t
18.08=
[4.23=
BheTtn

Rre0tm
1B.2¢t=
H4Ra71=
PPt =

35.28=
29Tt m
48401
172t

31e52=
27408 =
GB Ot
1588 =

PUMP NOTSE DATA

i~

B-29°

-t W
B4.28=
2920t =
15+58=

23Tt =
B3s02=
BYaBe =
20+51 =2

28582
2650t =
2‘9}53"
23673 =

21{«0ts=
B6aSee
29801 =
22v02 =

g5l285
g7:51=
30653
8340t=

RYaOt=
23452=

EETNE T

DlheTt=

2le2t=
2@172:
31+0:=
2807t =

PUeOT=
002 =
312t =
150t =

19458 =
£6.28=
3Pt
11+5:2=

?0;713
29,71 =
31+0t=
134s5¢2=

23+73=
33»08=
2B+83 =
10Tt

e5s21=
2581
QBO7S=
1458 =

SVHSER 6183

19401=
PH S
29271
49+ 5=

14012
2pETie
3la7se
4942 =

19032
26401 =
PBAOE=
49451 =

19501 =
RSy =
3faPt=
498t

1Bep3a
NN E]
3lxTt=
48wt a

1671
ES50782
30s72=
L0t

2358 =
254G
310t
YN L]

18spt2
24t =
32+88=
4R 428w

16%08=
24,0£=
31.83=
48epin

25558 =

195 8=
2he55=
28e5¥n
51a02n




SVHSER 6183

wIchopHONES : ‘ R
1t PR.OFm 21a08n 264515 3leTts  2BeTis E04Him

ts 255t 17¢08= 80<51= 2247t= B6e8te QTef1=

1= 28.08= 29a%tx  4i.P1s 4ledte 2TeYrs f9cfirs R
ta A0.0tw 19.88m 15812 12481=  18.080. 4Beltm 4
¥ICROPHONE® : " 5 ‘ L h
12 34.0%= RR.0t=  36.7tE 2458w GDvive -

tm 27.0tm
in Sﬂiﬁ?':
1r BReGEE  29x03w

B4s51= 264015  88.81= B4l
B7s2t8  42.01= LBy 2
P5+52= 19v5f‘ Tialt=: 4

MICROPHINES 1530 i : : N .

1tz 39.8t= 20a03= 25.2:% 34v5fs  28.55=" {Ba51= 88,0
tm  30.08= 15,74 P0.7t=  20e%1i=  8Fe78= 8 = 87T,
tm 34.08= 33¢88=  41.0t= 43.08% 30.2re  29Tre 307
ta 29.0s 29.8re 287.0f= £7.08= Z1.7t= 13.21=  4F.B3= 49.0
MICROPHUNES 1640 ' ~ o o
gt 3%.%%a. aO.gkn 23.0 27+ = 184735 18.71= ?5'0
ta P0.0tx 19+%= 207 20015 20a83= 25:81= PB.O

L4PeP
302

t2  33.21=  30s81c
te  34.0twm 3368w
MICKOPHONES 1740
1= 37502 37.03m
tu 30-9?5
ta 30.73m
12 30.5ie

43.28= 31.03= J1ls03= 307
28082 BTt 4Be01=  H4B.8
K 3

'éé*ﬁ

. se se e
HWunt

26.9t=  35.028= 2@.7t=
PlefHta  RRe23=  2E.5ts
41aQt= 42585 RTe5t=
£7:5t=  22.51%  18.0t=

N ICRUPHNE= : :

ts 37.0t8° 30s52=  37+0t= B1.S5:1=
te  25.5%= 20512 21e0t= PTe5t=
te  30.0f= 41.08=  43+8ts  3f.0p=
E=  33.0t=" 28.7t2  R3.0ts  1Hi21s
WICROPHORER

te  3P.Tgm Sde0t2  Jlefi= PHeRr=
tx 25.5ga 21s2t= 21le83= 265tz

tuw 99-5@@1
S EE 342w 3RiQE=
MICHOPHONRES 8040
1= 3S.74s 320
t2 PT.2ym 08§
1= 32.78= B9
t=  PY.0t= 31

4le7tm  HlwBr=m . GLaDis
31e0t= 28v0z=  19+53=

2Hs282  J4nPim
19:0t2  21901t=
41408t 41085
A0.R1% 2901w

101=13 WATT - £ S
S53e4im  43.3% HOv5x 4643
43e8=  46.7= 4E0x . 4648
64.62  49.8= BOv4s 5843
47.P= 390 BBS= 6B#Y

173 OCTAVE BAND P
® 5504w GRa L
e Om 8

% 2 a8

L] 6038 . S0+ 4= 862
w Gk BrP=  GHeBE 689
ik - ..

. PUMP NOISE DATA (CCONCLUIED]

: atgars atari,
" B-38

£



PUNMF NOISE DAIA

TEST UNIT  :SSD PUNP MUTGR
CONLITION 1WOTUR ONLY
MIKE RAL (IND:36

MICROPHUNE® 0 0DEG # '
18 A4.5tm ao o:i 20.748  23.5t= 30,082 19¢8B2= 1781w
tr 1H.Q1m 12.7%t= 24.518 17,88= 39.73=
ts 202.7tae, 30.02= 34502 17481= 13235
te  17.7e Yo7t 6o28= T8t 41.03%
MICRUPHONE=
it 3he7tm
te 1 7eStm
tm P34 m
ta  1K.5tm
MICRUPHUNER
tw KERS-EE
fe  17.2td
te  19.7tm
S 3E 2DeTtw
MICRUPHONER
g GR.0tw
‘pu zn.Otug
1. 19¢ 718
ta 23,01
MICRUPHONE® ~ 904 G«Daﬁ

'ﬁga.ozz 264812 20+5in  172Bi=
11.0t= 25.53=2 19022 4188w
31.8t= 36.8t= 19556i= 24.01=

23.01=  2l.7re  194f1= 18471%
10:7t=  21.85= 13.81= 2801
26+03=  33.08s  19eft= 2342w

N}
. R9.Tte 33 dyx
11e7t= 17 7t
“B0e5t= 33+ 548=
Gefr= 6+ QE=

t2 D7.518 R3I.TIE  IB.518 PR.7t= 21 es- DiePre 18+ Ix%’

1w 174018 P0.018 11+2t= 15.08= 10515 23«1:

e O0.Ltw

C MICROUPHONE= 112455 DEG

G

$2  DleTts 19,088 " 1801w 58.21= 25.7t= 24.01= 19,018

t= F 174788 30.04% 194838 12.2:= 2Y.03= [4.5:= 8PStk
t= 21.0t% DA.518 03.81E 33.0r=  36.7t= 23:5:=  22.04%
tm D7.08m 32.08% £2.2t%0 10e71= 3.0t= 0ilt= 4103k
MICROUPHONEs 13%,0 DEG - :

te D17t 19.0%%
tw 17.0ts  30.8%w
1% P0e71wm  B0.Stm

18452=  30+882 16+715 23512
34.2t= 39,512 24473= 28.7tc

$u Plepys 99;025 18+53%  BoTt=  1.23= . Oubi= 4R.Bis
: - % ’ 5 v,"‘v
143 GUTAVE BAND PWL DB RE 107-13 WAIT : R

® S0¢lm BO7m BleSm  45.1m  4T7.7= 4B 0E  AQed3e 49.)
®  34.0m 4Ba9m  FTe98  3leEm  45.98  34JTR Sledgs 4?45“
® 40.7m 3 ‘ §8.6=  56.7=  43e8= :
B 4548 31.1= 27.1% 93.9:

FULL OCIAVE BaND PWL B HE 101-13 WATT -

B 83.7s Hi.9m 49492 4F3=  52.5s 41.9
w ' 5K.Px  50,0= BO.9s 3Bit= 60.6% &GS
* o i :

3 o s o i

mmxsnwa (mroamm

el

B-51 -

16518 1478 ia-bsn 42-5:n

1ReRt= 9.g8= Se asa 7.33*‘

24‘7«,31

, W 2481 33.9:=  36.0t= 04.81% 24Dy
HR P9.0rs  DPR.PIE BR.BEE: 9.Zrs 3.0%= 0.0t 40, 244;

P2+P:=  23.71= 19.5t% 16 Biu'

SVHSER 6183




Hamilton

DIVISION OF UNITED AIRCRAFT CORPORATION

Standard Ae SVHSER 6183

PART IIL - MODIFIED VERIFICATION
HARDWARE TEST DATA

Title Page No.
SQUIRREL CAGE FAN (DAYTON MOTOR) - EXHAUST B-33
SQUIRREL CAGE FAN (DAYTON MOTOR) - INLET B-35
SQUIRREL CAGE FAN -(DAYTON MOTOR) - MOTOR ONLY B-36
AXIAL FAN - INLET B-37
AXIAL FAN - OUTLET B-38
MICROPUMP - INLET (26 PST) B-39
MICROPUMP - INLET PRESSURE STUDY: (26 PSI) B-41
MICROPUMP - INLET PRESSURE STUDY (10 PSI) B-42
MICROPUMP MOTOR (REPLACEMENT MOTOR) - AS RECEIVED
(BALL BEARINGS) B-43
MICROPUMP MOTOR, BRONZE BUSHINGS B-44

B-32



FAN NOISE DATA

TEST UNIT
CONDITION

$.  SQUIRREL CAGE FAN
1 EXHAUST NOISE

MIKE RAD (IN)3i36

MICROPHOUNE=
te 4458
t¢m 6273w
tm  S€.58m
i1 44.0tm
MICROPHONE®
Im 47.01m
it 65.L3m
tw  560858=m
t8 46488
MICROUPHOUNE®
t®  46028m
t1m  66+51=
ta  S6.58=
$m 49058 =
MICROPHONE=
tm 4S.7tw
ts 66008
tu S6e 73w
te S5ic7sm
MICROPHONE=
tm 61¢Ttw
1t 65.2%m
te 57.8%m
o 54400m
MICRUPHONE=
g 76.83w
tn  G6eS3m
tn 587w
t® 54,0t
MICROUFPHONE=
s 54.08=
tm 6547w
ta  60.28m
tm  53.7m
MICROPHONE=
te  47.28m
1w 6608
ta  60e5tm
$s  52,.53%m
MICROPHONEs
88  4BeS5sm
te 6407w
$s  S59.78m
$m  49.58m
MICRUPHUNE®
& 47.78m
w  E2.Ttw
te S$7.23w
e A5, 7=
MICRUPHONE=
tu  4R.51m
I 6408tw
tan  55.%e
% 46.08m
MICROUPHONEw
I®» 4PoSsm
g% B6+58m
= 88+58m
s 4LB.Rsw
MICRUPHONE= |
s 42.81w
1w BT7+5tm
ts 59.53m
i 53.01m
MICROUPHONEw
s 45,08«
1 6651w
te  £9.2%m
ta  83.71m

0.0 DEG
39.58s J6.28m
S58.78m 66.08m
55458 53+08=
43.78®  AR.S5%a

20.0 DEG
39.738 38.2:8
89+78m 66+0%m
55.78® 53.5t=
460588 46.5te

400 DEG
HleTim 38BeT8m
6008 6558w
56082 5571w
49 T8m  49.7Tte

60.0 DEG
4le7s®  39.2im
59538 67.08m
87+ 7¢w S58.58=
58.088 S5.0%=

80.0 DEG
B9c58m 54078
60+08m €8, 58w
59218 59.53m
S4.08m 54,02=
100.0 DEG
T3+53m 706 T8
6le28% 9280
SBe7t  59.0im
S54:.588 55.23=
120.0 DEGQ
5008 4f4058m
60e73m  69.03w
S8+58m 59.78m
53¢28m  S54.2%m
140.0 DEG
444583 39.08m
60-23% 68008%
6978w  60+08m
58 T8m  52.7Tt=m
160.0 DEG
#45e03m 38 Tim
61:08m 68051m
59.02® 60.0tm
4945885 4B.5s=
180.0 DEG
45888  J9.28=
Sle88m T0o.L8w
56e28m 56428w
45.082 430035

000 DEG
39.88m 390 78m
59 Ttm H7o20w
$5.08m 56.08m
418 A3.08m
‘20.0 DEG
39.582 40.08m
81.08e (§7:08=
58458 58.58m
47088  47.21»

4000 DEG
39.%88  40.08=
60:%8m  EGe5tm
59.851m 59.51m
SleB8n 5P.53m

‘60-0 DEG
48.082 41.08m
6003 £8.21m
5978 8§94 7iw
53.7t8  54.28=

48«58
$2.28m
48-51m=
38.0%=

49 .53
61l-Ttm
§2.08=
43.23=

AB.21=
6leB2m
B4+58=
4678w

48.53m
60 Ti=m
57.08=
48s 51w

5505t=
62.038=
57e58=
50.08=

67+ Ttn
63e58m
$7-.03=n
$51a58m

4773
63 T3
57«53m
49.51=

47.08=
62+08%
560 Tt
49eSim

47e28=
HOe 2=
56+28=
440 8=

4728
60.28n
54«01e
3908=

51.08=
68.58=
54.0¢
3903

500 T3 =
$le58=
55.85m
A40 Tem

5058 =
61.58m
55+ 78m
48Tt

5082w
&le82m
56+51m
49051

(DAYTON MOTOR)

56+08=
568w
HQ7eB3m
32.28m

5628w
580 72
51e08m
38.28m

S840 T8
60 7¢m
82,59
42.01=

53058=
6108w
S40.28m
44.08%

58.08=
61+08=
S4o T8
4528

696 Tom
60+58=
55.08=
46.28m

4973w
6058
540 78m
4UoBsm

490.8¢tw
61.0%m
58403=
444 58w

4928
60.08s
53+08=
39.08=

49.2%=
E6e Tem
50052
34.08m

580 78w
5608 m
50452m
34058

84078
58,5
52:08m
39:08=

53+88a
60.58m
51¢58m
4R Him

53-R8m
60.73m
S3:.88=
43.Tt=

58s Tt
58.58=
46 Ttm
24008=

58+08=
60.03%=
4908w
32.28m

STeL28m
5928 =
500 Tt m
34428

57:08m
60e T8 m
520 73=m
35 T8w

57513
6lsTtm
53088
37.08m

65 T8 =
SlaBam
540 T3m
40Tt m

53¢51m
6le8tm
S5. 71w
35e53m

53.08=
59678
52+ 58m
3578 =

Sé.Qtm
58e T8 m
51:0%=
31:58=

55«88
59:88m
49 52=
30.01s

- T
58¢0tm
ABe Yo m
3408

$7¢B=
58e58a
8]le08=
IBeSt=

56c58m
59-Ttm
808w
3308w

56+23n
61.02=
B4 T8 w
3558

SQUIRREL CAGE FAN NOISE DATA

B-33

SVIISER 6183

Sls82m 6262
55 T¢m 582
46.088 4540
6888w  T1e7
49 7¢m 6042
55+7tm 5745
48.7sm 4800
66428m 7200
48.:08= 5840
G6.28m 58.2
52.08= 50.2
67.58= T2.0
48.28m 5547
560 73m 5840
$3+8tm  52.2
68+81m  72.2
50078 5502
$T7éLtm  BBeS
S4eHtm 5367
68eTtm 7540
620582 61.0
58+5tw 6040
550;3. 550
69eTte 83.8
- 49.88m  $57.0
58¢28m 6007
55,7t S55.8
69 Ttm  T4.2
49233 5702
58¢283 60.2
S4.88m H3e2
69«58 73.2
48.82= 5645
S6e53s 5940
SO0 487
68.081m 127
49.82m 5407
55.0%m 5465
49ePse  A4Te7T
5Ts288 TLeS
490588 558
S3:78m 5545
47088 4508
69Ttk Tle7
47148 5345
56888 577
4908 877
6778  T2+5
48.0t® 54.0
S5Te08s  59.5
50+582 517
68e8%=x  TRe7
49e83m 5405
58.08m 5947
54408 5307
69+28= 7362



MICROPHUNE= B0+.0 DEG

t»  T76e78m  T5.088 7351w T3e81= E9.81m

$= 66582 2.51%  69.T7tm 634012  6l.21s

ts S58.73a 394838 59788 57.01= 54.08m

tw 53282 53e58n 53.Tm  49.51m 45.58=

MICRUPHONE= 100+0 DEG

tx 684058 640882 61e0%m 6le218 560 Tt

tw  66008m ($1eS8m 6978w  $3.0%m 60 Tsw

tm 57,5 584788 . 6058 58.03m 55.08m

to  S2.Tte 51282 50471 45.78m  38o 7w

MICRUPHONE= 120.0 DEG

tn  4B.8tw  46+58% AleTim  49.81= 52.031=

$m  66+8tm  60e58n 68474 68.738 6le03=

In S57.71m. 5751 59.88x SB.Tim 54.7tw

ta 53.08t® S2.78® 53.088 49.232 434 7=

MICROPHONE= 1400 DEG

S A47«23%  48.Tem 40« T8z 4845t Sp.Os=

tu 57w G0e58n 6Be2tm 62+21n 61o83m

tm 58.0tm 564815 5TcBtn 56458n 54.51=

ta 5]1.082 S51.08= 50¢7Tt» 48.0t% 43.0t=

MICRGUPHONE= 160.0 DEG

fx 4721w 46022 3BeT78n  LhgeTtm 50 Tt=

tr  B4.510 EDB51w 69588 61.032 59e53=

tw S5T7.7tm B56e¢Tin B4eTtm S5P.533 52458w

te 4728w 46eT88 464582 4]1.53m  34eTi=

MICROPHONE= 180.0 DEG

to 47.08%  4408%m 38.288 45.083 51,512

gn  6Le08w  H60eT78m  T0.08m 6E1.01m 57¢5tm

tm 58.21m 56.83% 5583 51eR2im A49.7im

tm  45.08m  44.838 43+81m 3B.28= J2.28w

173 OCTAVE BAND PVL DB RE 10t-13 WATT

m 79.0m  T6eTm  Thebm ThsPr 73¢9 T4e8=
s BRe6® TT7e5m BSclm TB.8= T76+93 T6e8n
= 75.3m  7448m  T5e)m  TReS5® 69eTm 687>
B 6T7e6m BTelm ETe58 6368 SBeS5m  50.9=
FULL OCTAVE BAND PWL DB RE 10t~13 WATT

a Ble9® T9elm B3+5= B6+.6= 80.8s 80.1

B TTs7m 733 72.3% g8.12 8S.1l= 91.3

*

68+01n
6le78m
55«08m
404 Tt

6007
6le 1=
53, 7t=
31 T2=

54+ 78
6l+0tm
53«08 m
3508

S4» 73 a
6003
5153
347w

5608 m
59.21m
50+2t=
30230

57« 7tn
570 12w
48.88n
28e2t=

68e9n
740 0%
69+0m
8Selm

SQUIRREL CAGE FAN NOISE DATA (CONTINUED)

B-34

SVHSER 6183

6440t m
SBe5t
3¢ 78
7001

5673w
58088 =
53+ Tt =
69 Ttm

4928 m
57« Ttm
S4eTtm
69¢82=

49+ Tt m
SBeRiw
534280
6845t

49958
57.88=
50002 =
619?"

50+8m
S6eftm
48003 =
6645t

7623
7549
6840
913

682+ 7
595
§3.8
845

585
89.2
58e7
172

58.2
59.5
§3.0
T3 7

59.5
60.0
51.2
73.0

60+5
59.0
48.5
732

6002
592
462
12«7



SVHSER 6183

FAN NOISE DATA

TEST UNIT t SQUIRREL CAGE FAN (DAYTON MUI‘OR)

CONDITION

$ INLET NOUISE

MIKE RAD C(IN)136

MICROPHOUNE= 0«0 DEG

I=  56+0tm 5381w 40458%  49.2tz 5051w S5P+5tm 544232 587
I 59.21m ST7.28% 65453 E3023m EleBtm 59.517 $9.08= 5940
tn 6251w 64.08m 634 Tem 622t 56408u 54.Ttm 585.08x 5507
sm S54.81m S5R.Ttm 83.2tw 506 78= 46.08tn 3Pe53m  TleTizm 7442
MICROPHOUNEs 20.0 DEG

3= 56e08m S5205t% 40eTtm  48408m 50732 5751% S2e83im  58.5
ta  68+.0t» 59.08% 634718 61e5ta 614082 6123w 5T7e81a 88,5
t= 6R+53=  62058m 63.082 SleS3im 57¢7tm  SHe21m S4eTix 5407
tn  53.58m S53+7tw S54.2tm 52.08m 48.08m 40+478=  TieO3m  73.0
MICROUPHONE= 4040 DEG

3 55.53% 53088 39.782 484283 S5le2t= 5S.Tte  4FeStm  55.2
dm  63e28m 59.Ttm £2.28m 59.7s2 6leTim S5PeT3m 57s78m 5707
$m  60+23m B0e78m  80.08= 6028 5845tn 547w S5e8tz 55.2
1 S4.08m 54+01n 53+7tm 5058w 45.58% 37.8tm 70082 72.2
MICROPHOUNE=. 60+0 DEG .

= S54.7¢m S53.88m 39.08m 52.23m 53.08n 55.082 48.0t= 5642
te 64028 60e28s 60.7tm 59.5im 62401m 58e51z S7e83n S840
g2 S58.08=2 584088 S6.21% 56023x 5Se7sm S3¢21s  5340¥x 542
sm 527w 53.58m 53.5tm 50,083 45658x 37.0t= 680tz T1.7
MICROPHUNE= 80.0 DEG

$a  52.83w 5053w 3Be78m S4e2twm  53.0tm 54088 48008z 5645
1m 6340w 59.88m 60.08u2 59.0tn 6002tx 58.73= 54051s 5742
tm 5708w S5e78m 58.81w 5245w S50eTtm  4Be5t» 48458 48,2
% 47588 4678w  460T7Im  43.031m 3JBePim  LIeLtw  65.Ltw  T0.0
MICROPHOUNE= 100.0 DEG '
In 49.78w 48.0te  39.5t8 540782 53e5im 53.01= 486822 56.2
% 63+0tm S84S58n 5988w 584512 595w 56421n 5348t 5447
tm 58.81m  54458m  S0sT8m  49.851m 47.83% 44 Tim 43T 432
o 42.08m 400 78= 4003w 36+5tm 30e531ms 23453= 63585 69.0
MICROUPHONE= 120.0 DEG i

ta 51.0tm A48.8tm 40+03® 56428 BSLeT7tm 52+588 A4TeTsn 5405
tm  63.0t% S5Be2tm 5821w 57453m 5981w S4e73m  S8eTtm 5845
te S50.5tw 52+88m S0.83m 4952w 4658  43.0t® 4leR2w 4007
tx 39458 37«78m 36:53m 32.5tm L7081= Ll.8:s 62:28% £9.0
MICROUPHONE= 1400 DES

gt Sle7tm  48e%Im  39.53w S55.81= BleTtm S52eS5tx 46+ T8 S1e7
it 63:0ta 57¢78w  59.23w S56+51= 59.8t= 57.238 S53.0t= 5040
to S0eR¥m 4708 47.082 4773w 45¢78m  LBeStw 4ReStm  39.7
t= 38.01m 36e58@ 3448fm J0¢7im 26e53m 21483s 61e5tm 6840
MICRUPHOGNE® 16040 DEG

gt S5ReBtm 4603w 3JBoStm 5407w 5140tm S55.08m 4728w 5002
te 61e03m S56421m 60eS1® 57.08= 56488m 56+ 78w 5345t 52.0
gt Sle7tm SO«88m 4678w 474032 44.08= 39.T7tm  39.21= 38.8
g2 3683w 35.88% 33.0tm 29.2tm 4.7t= 20+83= 6le5t% 6707
MICRUPHONE= 18040 DEG

te 58.281m 46e8%e  3B8.78% 55.288 5le2im S57e7t2 49¢7t= 5040
tm 57.82tm S$3.588 60c782 59.53m S56:8tm ShePim 56408 580
i 5428w 53e88= 500088 4700t 4ReTim  39¢08= 40428= 3665
= 3471w  33¢8tw 32.7tw 28.T7t= B4eRrs 20e71m £R24822 6767
173 HCTAVE BAND PWL DB RE 10r'~13 WATT

8 T4olm  T0e9m 59.T%  T3e4% TieT® T6sl®m T0eim  T75.0

= B82.8u 783 Bl.9= T9.Tm BOslm TBe6m T6eBm T6eR

® TBeMm  T9oclm TBeTm TTeTm  TheSm  Tle72 Tiefs Tie9

B 70e6®  T0e5® 70:62 £T7e9u £3:5% 5602 87498 9140

FULL OCTAVE BAND PUL DB RE 10r-13 WATT

m  75.9m T892 B3.28 B5.0m 3,35 88.9

m BRelw  7606% TSed= E9el4m B7.9= 91.0

.

SQUIRREL CAGE FAN NOISE DATA (CONCLUDED)

B-35



FAN NOISE DATA

TEST UNIT
CONDITION

$ SQUI RREL CAGE

$MOTOR ONLY

MIKE RAD (IN)336

MICROPHONE=
tm  35.58=
I1s  16.28m
1= 19.7twm
t=  38.51=
MICROPHONE=
t=  35.08m
it 17.08m
ts 18+ 70
it 19.7im
MICROPHONE=
im 38.58m
t=  18.08m
ts  18.0tw
tx 19.78n
MICROPHUNE=
¢ 32.08m
tm 19.23m
ta 1805w
in 19:78m
MICROPHONEs
8w 3108w
tn  19.28m
tu  18.58=
= Rl.01m
MICROPHONE=
te 8708w
it 18.08=
tm  18.2t=
t»  18.5t=
MI CROPHOUNEs
i=s 29.5sw
ts  18+53m
t=  17.08m
t=  18.08»
MICROPHUNE=
i1s  32.0ta
tm 17:08m
= 17.0tm
g 2008w
MICROPHUNE=
ts  33.88=
tx  16.21m
= 19.0tw
tm  22.0%m
MICROPHONEs=
= 33.51m=
tm  18.08s=
im 20+0te
tm 20+5t=

0.0 DEG
B86+832 20.5tm
15608= 17.28=
20¢88= 20.0%=
17¢5¢8= 1151w

20.0 DEG
£9.88» 19.08m
17082  17.5tn
80.282 1928w
182839 13.58n

400 DEG
3le0ts  19.0tm
18e88% 19.08=
20.0t% 1848w
15¢58% 184 78m

60-0 DEG
30+21w  20.51=
088 RleTim
20+ 78 23,08=
18.0tm  14.23m

80+.0 DEG

3858w 82.21=
1978m 2] +88m
21:08n 23.78m

1878 15458m
100.0 DEG
3le5tm 21.S5t=
19.5ta 21.28s
19¢08m 23 Ttm
16408= 16058m
120.0 DEG
32¢7tu  2R2¢58m
190t 19.08=
2040t 21.38m
18.51= 18.08=
140.0 DEG
3lefta  24.08m
16eTtm 1851w
2108 2].58=
2800 T8m 21.7tm
160.0 DEG
31e7t2 21.08m
150588 20.78=
18+ 73m  21e5%m
20¢08% RisLim
180.0 DEG
32+.88% £3.01=
17¢58m £21+58=
80¢8ta  21.78n
200t (9408tm

Fan (DAYTON MOTOR)

2355w
86.0sm
8660t=
11.0tm=

22.51=
3@.22tm
85. 73
11e5tm

240 TEm
36+08m
28.0s=
11+08m

25.58m
3605t
2902t =
13.8tw

27.02=
35.0t=
28+53=
12 Tt

28.01=
3S5.21=
29.0t=
14+0t=

25.0:=
34722
28951
1478t

30¢ 2=
32.71=
237w
184082

21.5:=
28« T3 =
2.5z m
1688

27.2t=
30.21=
24453=
16¢22=

25« T1m
2958w
30:08=
TeTem

24+03m
36+51m
27« 78n
Be53ns

28+21m
40e53=
3405%m

8408w

32¢58m
40053
3121

Feftw

33.52m
38 7t=
35+ 73=
9+08=

33.28m
39.28»
32:58m

BeT8m

29+51a
38e8tm
358w
1028w

25¢51s
36402
29+ T3m
11082

23+52s
J288m
31+0tm
11e 72w

£29.5¢t=
33e53m
32608w
1Re Tem

1/3 OCTAVE BAND PWL DB RE 107-13 WATT

® 53.7a Sie0m 4QleSm d6elm 4Belm  37e9=
m 37+6ma 3783 39.82 53a4m 5743 A3.9=
= 38460 408m fleBm 46elr SleTu  A3e8=n
= 44e0m 3B.9m 3Be2m J4e3= 30.23 25.0=
FULL ODCTAVE BAND PWL DB RE 10t-13 WATT
2 55.7m 5Qe78 855.im S§3.7= 5782 47.9
# 53elm 55.3% 46+0% J6el=  6040m 638
" ,

SQUIRREL CAGE FAN NOISE DATA (MOTOR ONLY)

B-36

Nk

1B.5tm
81.0tm
23+5tm

3.08m

1Te88®
B8R 28 m
23eTt=
51

17.238=
2l Ttm
26.0t=
3e58=

19 7t=
27+ 3=
BleTsm
35t

1908
2701m
2503w

3eStm

17.08=
264580
824 Ttm
4408w

16:51=
2451,
23408

4458%m

1778w
£2«58=
2le%sm

6o58=

17.08=
BleS5t=
28+0%=

SeS5tm

19+58=
21.0t=
408 m
H6e2tm

42 08n
440 6=
53¢ 4=
60e0m

SVHSER 6183

R4sLtm
23 T2
34.88n
3921

3¢ Tt=
2RsR1w
3071,
38+08=

£3e5t=
23.28w
320 T1m
414088

88eStm
23028
33s Tam
H4leRam

2leTtm
244020
33+58=
4)leStm

18+58=
26+01=
29¢51m
40.28=

190t
25+ 712
36402
4ls Ttm

£1e03™
25+5%=
34+0t
39.21s

8¢ 2w
25+ 5t
3345t
39.0tw

24+01n
286+08n
38.210
39+58n

5407
4645
49.8
638

3642
2645
2807
4302

36.2
£23.0
265
435

35.7
£0.0
317
45.2

34.5
21.2
32.2
4542

33.7
23.0
28.5
45.0

29.7
27.2
2717
4347

29.7
28.0
315
44.2

3807
28.5
£29.0
487

34.0
2B.2
£9.0
4242

355
28¢7
2845
£43.0



FAN NOISE DATA
¢ AXTAL FAN (MODIFIED)

TEST UNIT
CONDITION

$INLET NOISE

MIKE RAD CINY$36

MICRUPHONE= 0.0 DEG

t2 57782 58+78= 52.08= 59.7t=x 55.03=
tw  S0e7tx  50.71= 54.21% 58.0t= 6E2.53=
1= 6Be5t= 66458 67402 67.08= 664512
t= 60.031= 89712 55.T7t= 54.21= 504032
MICHROPHONE= 20.0 DEG

1= 58e08= 59.213 52.7t= 59.73= 54.28=
12 S52e73im 527158 S4e28= 564512 634232
t=  68+2im 654712 67+01= 66.T1= 66¢51=
3= 60e78= 5B.73m 55.21= 5440t= 50.0:=
MICROPHONE= 40.0 DEG

tm  58.231% 59.0t% Sle2t= 600282 54451z
12 54712 S2s7im  54.08= 56.03=% 64Tt
tm 67e082 6458 66401= 650282 64.5t=
12 5740832 554738 54073 5245t= 49.08=
MICROPHONE= 60.0 DEG

82 56058m 5T7e88r 506012 5947t 55.78=
t=  55.78m 50e51m 53,012 55.5t5% 64+28n
ta 65.21% 62.08= 65.03= 61.5t= 61l.03=
t=  S4e23x 53.2m 52.21= 50.5t= 47012
MICROPHOUNE= 80.0 DEG

tm 56028im S56eTtm  4T7.73m 59.7t® 56.2t=
t= 5547 5002tm 53.53= 554082 62.58=
3= GleBtm 5947t $H24232 59.0t= 56e28=
12 4BeTtm  4T«B3= 46.23= 43.5t= 38.0t=
MICROPHONE= 100.0 DEG

1= 55¢7t= 5388 46.21= 60+78= 57.0t=
t= 5567tz 52401 540712 54782 6240tz
1= 60012  S57.5t% 6045t 57¢51m S54.58=
t 46e28=  43.01= 39e73= 3845tz 34eT2=
MICROPHOUNE= 120.0 DEG

tm 52083 4B8eSt= 4573 6le78=  59.03=
t= 56008 5602tz 5625 53428 6leTi=
12 57+58= S4.01= 8554012 53.532 52.51=
1= 44 7t=  39+2%= 36e23= 34.0t= 30.02=
MICHUPHONE= 140.0 DEG

13 51012 4T403x 4645:= 61le7t= 5940tz
t2 57+58= 57:01= S4471= 55.0t= 6005z
1= 59.2t=  55.03= 56401= 50.7t= 48.03=
1= 40«28= 39403= 36428= 33.23= 28.23=
MICRUPHUNE= 160.0 DEG

1= 504587 45.583= 46678z 62.72= 59.58=
1= 56+2t% 55651z 55221 56471z 5%.53=
t=  60e53= 57.51= 59401 S54.58= 52.03=
t=  36«T8= 3553 32s78= 31.01m 26402=
MICROPHONE= 180.0 DEG

tm 50082 45.0t= 4B.03= 63.01= 60e28m
312 57032 5S54.53= 55e5i= 57.08= 60.08=
82 6le72= SB.23= 58.5i= 544031z 51.51=
t= 37.0t= 35.5t= 33.0:1= 30.71= L6s7T8%
1/3 OCTAVE BAND PWL DB RE 10t~13 WATT

# 75462 T6e0= 69+9% 8leld= TT7eTz2 TTel=
®  T5e¢6m The3= Tde T 76+2= B2el4= 8392
2 BSelm BReS= B3.9=% 82.8= BRe3m TIeT=
= 758® T4elim  Tlebms 70.0= 66elm 5745=
FULL GCTAVE BAND PWL DB RE 10t=13 WATT

= T9edm  B3e9= 7793  79.9= B8.2=2 8943
= B7e¢8= B3eB= 79.0= TleT= 93432 94.3

N

AXIAL FAN NOISE DATA

B-37

52.23=
64«73
63.212
4Qe 28 =

505t =
66458 =
63.78=
40«78 =

52e28=
65+ T3 =
62+ 73 =
41+0t=

53+52=
62458 =
58 78 m
40402 =

5528 =
6leTt=
5502 =
32.01=

56 78 =
61+0t=
52.08=
30« 71=

58«58=
6leDtm
S5le52=
4678 =

58, 7=
6223 =
L6eT3=
23.03=

60«22 =
62+ 28 =
4852 =
21.08=

5952 =
6le02=
47.58=
21.08=

69 +8=
83.9=
T78=
93e3=

SVHSER 6183

4T7403=  48.2
67.08= 6840
61582 6645
7703z 77.2
45.58= 47.2
65 78= 682
6203 6340
76582  T6+5
45428 4940
€5e28m 672
60582 59.0
T5e28= 760
45.5t=2 5140
63«78= 6640
56 78= 5545
T3eB8=  T4e5
460 T8z 520
61.03= 6345
52.0t= 5245
70«08=  72+0
47032 5242
6le2tm 6167
49.038= 5047
68058 = 71.0
4BeT8m 515
60e522 6045
47408 4742
66e78= T0+5
51e¢52= 53.0
60+ 52= 607
H44e5t= 4540
6T7:038= T0s7
52e53= 5445
61653 H1le7
42473= 3945
68+03= 71+5
53s 73 55.0
6322 = 617
4]1+28= 39.7
68e82= 712
720

85+ 4

T9e4

9443



FAN NOISE DATA

TEST UNIT
CONDITION

+ AXIAL FAN (MODIFIED)
s OUTLET NOISE

MIKE RAD (IN)>336

MICROPHONE=
= 7508
1= 55«21 =
1 T1:08=
=z 59.01=
MICROPHONEs
i= Ta4e.28n
t= 55.08=
= 71+03=
= S5Be.71%
MICROPHONE=
12 S56.2t=
= 55« T8 =
ta  70.01=
tz  S5B.51=
MICRUPHONE=
g 52028 m
= S6¢ Tt =
t=  E8.51=
g S57«28=
MICROPHOUNE=
tx 5]le2tm
t=  57.0t=
t= 65.7tm
$= 51.Ti=
MICROUPHONE=
t=  50483=
1= 5T Tt=
fm 63«88
t1= 4T758=
ML CROPHONE=
L 49.28 =
= 58+28=
ta 6le23m
13 4423
MICROFPHOUNE=
tm  4B.08=m
1= 57.58=
ta  6le5tw
t=  43.0t=
MICROPHONE=
8w 47282
= 56 Tt =
§m 63«5t m
ta  42.28m
MICRUPHOUNE=
te 49.51m
t= 57.08=
tz 6258w
= 4).5t=

0.0 DEG
70882 64+081= 5845:= 56453=
S4eTtm  S54e5tm S5Be03= 6EBeSt=
TOeTts 724082 6908 67458 =
57«08 = 53.88= 50s 72 = 4778 =
20.0 DEG
T0e58= 63¢78= 59.23= 56402=
54«7t SldeTim  58.03= 68+73=
706 7ta  TleTt= 6903 6728=
57082 53408= 5102 47¢58=
40.0 DEG
54e28= 49¢72m 52673z 5H3e21=
S48 54233 57.2:m 67.08=
68 T8 TleB2m 69.7t= £3.01=
57« 78m  54+533 53212 49.08%
60+0 DEG
51s212  4708= 52.2t= 53.2t=
544012 56072% S5T+51= 66+01=
67.08= 694083 6To0t= 65¢73=
56¢5tm  S54e88= 5323 4T70T71=
80+.0 DEG
510283 46¢58= B52.2t= 52451=
S4eTtmn  5Te23= 58e7tm 6508z
64451 6645  64.0%= 6le5t=
50e78m 4T« T8 4T7»72= 42+8%1=
100.0 DEG
5008 46¢52t= 52+52= 58 T8 =
55¢88= 57532 SBe5ix= 65.02%
61s58m  64e01= 62+03= 5o Tt=
45782 424587 40.58= 36e58=
120.0 DEG
ATe73m 454282 S3eTt= 524288 =
55782 S5678=  58.08= £5.0t=
584012 6008 SBeT3= 56078z
424082 41e08= 4)le02= 34458=
140.0 DEG
45e72m 45082 54.53= 52.01=
55¢212 564235 S58.71= 64408=
5Te 78z 590tz 55¢53= 52.28=
40e 7%=  38eT8= 37.0t= 32e78=
160+0 DEG
Q40 T8  YHhe28= B53.73= 52.21=
S52e¢Ttm 554083 60+23= 63072
60 Ttm  62s78m 5847tz 5445t=
404282 374581= 36008 = 32.28m
180+0 DEG
48« Tt= 464883 55.0t= S2.21=
51458tm S4e52= 61le 72 63.03=
6120t 6le23m 58e458= 55.2i=
374082 34+5t= 34.0%= 3leTi=

173 OGCTAVE BAND PWL. DB RE 10t~13 WATT

a BRe62 B4sSun TBelm TS5e Tz 7382 T248=
m T6ebm  T4e3Im T5.5% TBeI= BE+s3m 92el=
& B749= B7e0= BBeS5= B6+42= BleT= Blel=
@ 75e¢4m  T4elm  TOeBF 69e2= 65:0= 587z
FULL OCTAVE BAND PWL DB RE 10t-13 WATT

2 9032 T8+91 78452 BlebH= 9448= 9246
8 9leS5m Bha3m 7B 67  T0:8= 97.85 99.7

*

SleT3=
The58=
63+58 =
41.28=

52408
T4e03%=
6328 =
41e52=

4808 =
1258 =
65458 =
42458 =

487 =
72¢03=
63+08=
39078

49458 =
Tle2t=
58«5t =
36.02=

50+02t=
69 78 =
S$4e7t=
32.22=

Sle7t=
69.21=
S4+03=
310t

52652
6903
494 782
30.02=

54652
TleT3=
50+ B3
3008 =

S4e23 =
706 T2 =
Sls 7%=
30.03=

69« 6=
B89+9=
79+ 4=
978

AXIAL FAN NOISE DATA (CONCLUDED)

B-38

52402 =
126 Tt
6228
80.03=

51le53=
7308 =
62+28 =
T9e 7=

4872 =
71e53=
6328 x
80»08=

49.21=
69 72=
61e53=
78002 =

48 Tt =
6703=
56 78=
75828 =

490t =

~6he T =

53«21 =
7328 =

48458 =
65+02=
S1.02=
Tle52=

48e T2 =
650 T3 =
4902 =
T0e T8 =

4773 =
66022 =
47.08=
7308 =

4TeTt=
67+88=
470Dt =
T2e58=

720
885
T7+1
997

SVHSER 6183

S22
710
§9.7
8345

528.2
707
597
8345

527
70.2
61.2
8047

535
70.0
59.2
185

53.2
680
54.2
T6e2

5340
660
497
752

53.0
650
4722
737

S1e7
632
4542
T35

497
652
43.5
152

4942
65.2
4445
75+0



MICROPUMP  NGTSE DaTA

NO. OF TEST POINTS:2@

MIKE RADIUS

CIND

TEST CONDITION

MICROPHONE=
t= 19.@3=
1= 3l.53m
1= 26,21m
t= [Bl.21=m
MICROPHONE=
3= Z2le.@t>
i 31.53=
sz PR, 7=
t=2 19.21m
M3 CROPHONE=
1= 22.0tm
tm 31.0tm
1= 28.@t=
= (B.Tsm
M1CROPHONE=
1= 19,21w
2 J4.01.
12 J@.0tm
g 17,53m
MICROPHONE=
t= 2l.@3=
tw 28,7t=
1= 28,.01=
1= [5,¢:=
MICROPHONE=
ta  13.0:=
1= 3@.21=
1= 21.51=
1= 12.5tm
M1 CROPHONE=
t 20.71m
t2 33.0t=
tz 38.81m
= 18.58u
M1 CRGPHONE=
t= 21.0s=
1 JBL.@sm
12 29.2im
tm 22, 0t=
MICROPHONEw
ta 19,53=
1w 29.@t=
s 22.7tw
1 12.T71m
M1 CROPHONE=
1ta ]2.93=
ta 25.01=
3 A0 21w
te 17.23m
M1 CROPHONE=
te 19.Ttm
te 27.51m
tm 2@.Ptwm
= 16.%3m
MICROPHONE®
1= 15.53=
1= 28.51=
te 24,03m
t= l4.0pm=
MICROPHONE=
t= 20.71=
t= 3l.0t=
tz 26.013
tw 23.,21m
MICROPHONE=
@ 2@.Q1m
tms 24.@1=
1= 23.23=
te {7.Q:m
M1 CROPHONE=
= PP.03=
g2 33.5:=
= 21.T7m
1o 2405w

1.2
19.73=
26.02 =
24,.0s=
15.2t=

2.0
27.5:=
24,5:=
17:7¢=
13.22=

3.9
22.51=
3.2
Q.21
2¢.51m

A.0
28.P1=
33,2t
21.5s=
13.2:=

5@
24.02m
2551m
24,5:=
BaS5t=

6.0
17.2t=
23%53m
2g.2:=
ge51=m

T8
25.71=
29, 7=
26.2t=
1507 =

B.o@
2B.51m
33.71m
2673w

18.21=

5.9
24.81=
23,5s=
22°7:=
12.5:=
1P.9
17.712=
17+51=
22.53=
13.21=
1.2
28.Tsm
17:53=
19.23»
12.23m
12.0
22.0t=
19.081=
22v2:=
9%53m
13.0
20.5:»
2621w
23,0 =
14521=
l4.¢
2821
23.5yx=
20° 21 =
1237:=
15.0
21e7sm
33.0:=
25 5m
15.23=

2136
126 PS1

21.22=
19.7:=
18.53=
14.0z:=

26.2:=
17.¢:=
15.2:=
14.5s=

18.5s=
19'058=
15,5¢=
18.2:=

19.71=
2P.2:=
14.5:=
13.02=

18.2:=
16.7:=
16.5:=

9.51=

17.58=
1672¢=
17.0:=

9.23=

17.7:=
20.Tt=
27.5:=
1475s=

24.5:=
R4,2:=
6. 23=
16, 02=

166282
{8s51=
1472

Qe5:=

16e73=
18.5:=
14eP3=
12.2:=

175y
19T2=
17¢7s=
12.52=

19.23=
17 7t=
23.8:=
9.Ss=

0.0t =
2lef:z=
19.2¢=
14.2s=

19e72=
22,.23=
18.7:=
1325s=

16.5s=
18.@:=
28.5:=
14.0:=

INLET

35.58=
16e7s=
24.7s=
12.0s=

36.83=
15.2:=
28.53m
10.71=

34els=
16532
23203
13¢2s=

35222
17.2:=
27.5:=
11.5¢=

3471w
14.71=
28.0s=

TeS5t=

34.5:=
15.2:1=
25.5:=

TeTt=

35.0:=
17.@1=
35.2t=

Ye51m

44.23=
24.53=
38.Rtw
i2.2:=

2852
19.@s=
2553 =
8e23=

34.22m
19%Q1=
26 53w
QGetm

34.2tm
13+5sm
38.21=
12732

34.73=
15712
36.08=
9. 0s=

34.23=
28,5:=
28.21=
12.5:=

34.58=
25.p1=
25.¢:=
G 7t=

33, 7:=
24.23=
28.7:=
11.¢2=

4373
1851=
21.52=

Q=

bGhe B3 =
1673=
22.23=
B.S52=

4301 =
18.51=
QT2

9.2tz

43403 =
18. 7=
23 73=
9. Ts=

43.2:x=
19.23=
22.7t=

T«7t=

43403 =
16%7:1=
265 7=
TeBem

4323w
195,08:=
32,8t

Bz

52e T35
23.23=
3A2.5¢w
10,7tz

35.0t=
187t
192¢=

Ge22=

43.23=
17 73=
18.52=
9e53i=

43.0t=
16.28=
19 1:=
1922

42+ 7s=
16.21=
26 0w
9.21=m

4278w
29,932
25, 231=

8.21=

4273
27.01=
2N 2=
BeSt=

42.73=
25.51=
25, 71=
.=

MICROPUMP NOISE DATA

B-39

23712

28.2:m

17.23=
3.2

22.71®

22.5:=

19:.22=
3.7

£3.23=
2521w
18 2tm
5.2

24.7sm

30.2s%

18.5s=
Se2

22.53=

21eTe=

13+.52=
4o

2@.5:m

26.21=

15.2tm
3.2

4.5 =
34%2:=
25,02
3.7

3@.22m

3legr=

29.73=
8.0

23.0:m

2PaB2=

13.71=
4,5

P2.21=
23 3=
12.58=
5ve

f -2 A
25.23
15732
6.0

21.01m

23.01=

21.5:1=
60

24.0tm

17.88=

2]}7(’
4.5

22.7s3=

24.0t=

2@.51=
437

24,9:=
27.8s=
21 gs=
6.2

SVHSER 6183

23+52=
4. 1=
23.23=

23.02=
1878 =
25.218

24.21=
23.7:%
1937==

22+78=
22.23%
28}ﬁ:=

21.5t=
22.55=
15;w:=

2@e.21=
23.5:=
26}7:=

25.2¢=
2902t =
26.2:=

3le72=
28.91=
34.71=

2751 =
17.51=
1655:=

23.23=
15.7s=
17w 78=

22,51=
21 7s=
19, 23=

2le2s=
25.5:=
21:5¢=

25.51=
19;52=
23, 7=

22.73=
2t.212=
23 03=

2347:=
24,.58=
2l P

29.5
23.9
22.2

28.5
18.2
2l.e

297
2647
eg.e

28.2
23.9
15}7

28.2
22.5
11.2

277
22.9
175

3¢.7
27.2
21%5

33.2
28.¢
25.5

31.2
16,7
12,8

32.0
19.5
14.17

27.5
21.¢
18.7

25.7
19.5
17.2

2947
23,8
169

2845
e2.e
172

29.2
2640
21.%



SVISER 6183

MICROPHONE= 19.2

1= 18.2tm 22.73m 1B.2:= J4.21= 43028 25,71= 25.53= 28.5
1= 45.53=  3BePi= 20,7t 26.5t® 22,58z 3Jl.gt= 29.2:= 27.5
18 29.2:w  27.@tm 22.@:= 32,2:1= 26.@0:= 16.7:= 25.91=m 20.2
ta 23.5tx  13.0:=  15.081= Q9. Te= 8.02= 47 . )
MICROPHONE= 20.@ ) . .

t2 17.23m 25.01= 19.0t= 35.@3F 43.0:15 22.5:= 21.7tm 2645
1= 34@tm  29.7se  15.5t= 17,2t= 16,7s= 22,233 19.5:= 20.7
t= 32,73z 28.2t= P27.5:= 36L.@3= 28.53= 21.2:1= 24.5¢= 19,7
te 2407im 1372t 13.53= 1@.0%= B Ts= 5.5 X !
173 OCTAVE BAND PWL DB RE 1901-13 WATT

2 39.2% L4Bu 4LQ.2m S56.0% O4.48 4T Bm  Ah.6m 49,2

= 55.0% 4978z 39.8m 41,82 42.2=m 47.2m 44.Q% 4336

® 47.9m 44.0% 42.9s S51.6% 46 3w A4l .4m 45,.8= 39,7

m A@Bx 34.4% 33.7% 3.6 28.9m 25,1 - :

FULL UCTAVE BAND PUL DB RE 191-13 WATT

& L6e9m 68,1x 56e3m S50.8% 49.7m 50,5

w 83.2% 47.8= 42.,3a 33,5 . -

12 AT f.00 a )

. ;

MICROPHONEs® 18.@ .

1= 16.7tm 23.%18 19.01m 34.538 4P.7:= P2P.2:8 23.f:2 28.5
1= 230718 19.23=  (B8.7t= 24,2tm 25.2:® 25.7:= 24,532 22,5
1= 26L71= 26.7s= 22.51= 3.5tz 27.@s= 24 ¢:1= 29,7:m 18,7
t»  18.5:= (H.01= 16.@3= 14,.5:= Detm 5.0 )
MICROPHONE= 7.0 ) )

1= [Be2tm 23.5tm 19.238 34,232 42.73= 2£.53= 2l.5t=m 28B.¢
tm 2407w 2481w 16.,03tm  19.53=m 21.01= 21.¢t= 18.53= 21,8
13 3@.@tm 25.7t= 25,53= J33.01= 27.¢1= 18.71= 16.7sm 16,2
1= 24.T1=  12.@t=m 19V Ts= B T3 B.21= 5.2 '
MICROPHONE= 1B.@ : : ’ ’

1= 13.2:= J7.5:= 19.5:= 34.031= 43.@:= 20.53= £@,7:m 27.5
12 28,5t 28.8:1= 15.0:1= 18,7ts 18.Qt= 16L.71= 16732 19.2
1= 24.51m  21021s  23%@3= 24.21= 2@.7:=  16.Q1m 20.5:= 16,2
1w 23,7:2  12.5:= 12.5:= Te5t= Talte 4,2 : )

MICROPUMP NOISE DATA (CONTINUED)

B-40



PUMP NOISE DATA
iMODIF‘lE;gI‘Et;}I‘lCROPUMP (INLET PRESSURE STUDY)

TEST UNIT
CONDITION

126 PSI 1

MIKE RAD (IN)136

%
MICROPHONE=
s Jl.0:=
1= 28.,5:=
1= 36.5t=
= 18.01=
MICROPHONE=
tn 27.2iw
tz 25,710
t= 32.71m
t=  P2.21wm
MICROPHONE=
gtz 27.2:3=
tm  23,53=
1= 27.51=
t 214532
MICROPHONE=
1= 23,.71=
= 22.7t=
s 23,.,2¢t=
s 21,53m
MI CROPHONE=
2 24.7t=
24.01m
31e51=
12 17.8:=
M1 CROPHONE=
= 23.0tm™
= 23.01=
te 26.08t=
= 1653 =
#3 CROPHONE=
= [B.T7s=
= 23.73=
tm 27.7t=
1= ]4.2¢te
M} CRCPHONE=
te 1673w
tm 2].51=
tm 24401
t2 13.51=
MICROPHONE=
t= 17.51=
1= 21.23=
e 2].T7t=
ta 13.2:=
MICROPHONE=
17 1671
1z 23.21=
= 28.03=
tm 12.51=

(3]
g

@«@ DEG
35.2:= 32,58
31.5t= 22.7:=
37.53=2 29.51=
14.51= 15.23=
20.02 DEG
337872 22.5t=
28.@1m 22.2:1=
36:.53= 28.731=
14.73= 13.5:=
4@.2 DEG
35.5tm 2Q.71=
P5.51= 20.0:=
315t 24.,@3=
17:.58= 16.,851=
62.2 DEG
31.5:= 18+5:=
24,2t 20.53%
26.51= 20.21=
157t 16.02=

8d.0 DEG
33.0t= 18.51=
28eTsm 19.8t=
28.21= 20.,51=
12782 13e7s=
1@2.2 DEG
29.71m 21.5:=
24.03% 17.0t=
26e7t2  24.@3 =
132t 13.71=
12P+.2 DEG
260z 19.21=
P6.L:= 18.8:=
28.5t% 28.01=
Q.28 Ba5t=
14P.0 DEG
22.2t= 17.73=
21.8:= 2¢,23=
32.51= 23.5:=
G.51= 8.,2t=
162.2 DEG
15.51= 1(7.0:%
21.23= 2f.5:=
32.21® 25.71=
Qo= B.21t=
18¥.2 DEG
19732 18.7t=
24.51= 2].2:=
27.8t= 28.7:=
Be7t= 8e2tm

35.5:=
21.71=
26.53=
11.51=

32.53=
24.53=
3078

Q512

32.¢13m
25.53=
37+51=
11.21=

29.2%=
24.0:=
27.03=
12.0:=

27+73=
18.22=
2S5.0t=
11+22=

27.5t=
19.78=
32.2¢=
1leg2=

2T.0=
221w
34.5s=

6.01=

27.2:=
2les=
26+51=

6.5t=

26.,7:=
21e53=
27.5:=

6:5:=

27.52=
24,2t
32.5:=

betm

4245
21.71=
25.0:=

Ge71=

39+53=
28e7:=
33.0:=

B.53=

38458
29452
3758w

BeSs=

35.2:=
28.23=
29.21=

TeT2=

32.5:=
21.58m
29.7t=

8.0

3Q@.5t=
24.21=
29.2tm

Te21=

32.2:=

24.72=

33.23=
4.58=-

33.2:=
2472w
29.53=

Sepzm

33.03=
26.0t=
31.5:=

S22

33e5:=
28e72=
32.2:=

Se78=

1/3 OCTAVE BAND PWL DB RE 12t-13 VATT

= 43,82 Sledm 42.2% 49.0= S4.8%x 4).2=
& A3.4m A45.1m J39.7m 42.1® 46.3= 43.7=
® 48.1m S5@.3= 44.9= S5l.9m 52.3= 4B.pw
= 3Be.6® J3.7= 33.6= J@e2= 27.1lm 23.8=
FULL OCTAVE BAND PWL DB RE 1@tv-13 WATT

= 52.,3% 56.0% 51l.3®m 47.6% 49.3= 53.9
= 55,538 5Q.9% 40,8 J2.4m 65.83 64.2
71@ AT Q.20

*

MICROPUMP NOISE DATA (CONTINUED)

B-41

29.,7:=
29.2:=
23 73=
6eB1=

27¢7t=
25.@sm
2850 73=
6.7s=

2l.7t=
25.5:=
33.23=

6.01=

19.2:=
26.2t=
26.51=

2.51®

19.2:=
23.2:1=
£5.2:=
32t =

19.23=
23.53=
26.2t=

lii:z

19.53=
19.21=
28 71=
Pe3zm

19.2t=
17.7:=
22.5:1=

RS-

2leQ:=
22.01=
27.5:=

ZeBt=

22.53=
16e7:=
28.71=

@.5t=

41.7=
42.9=
46.7=
65.0=

26421
26.02:=
28+5:=
47 73m

25.201m
23.01m
27.58'
46.71'

22.2:=
260 72
31e22=
402

20e5tm
23e5t=
284013
4253w

28.5:=
2365t
28.5:%
43.03=

2leb:m
20 Q2=
22Tt
$2e5tm

PleTsw
2.l =
22.5:=
46.23=

2le21=
2l.2:=
27722
42453

21.5:x
2¢.21=
284512
44,22

22.2t=
16.5¢=
25.21=
44.51=

49.9
48.6
41.4
642

SVHSER 6183

27.2
34.2
18.5
47.2

2645
28.2
22.2
46,2

27.2
31.5
2‘.7
48.9

28.2
27.2
25.¢
42.2

29.0
28B.2
18.2
4245

38.7
25.2
el.e
42'&

31.5
3@.5
18.2
45.2

3!.2
28.02
4.0
4147

3.5
23.7
18.¢
4367

3g.2
29.7
15.5
43.7



PUMP NOI1SE DATA

TEST UNIT
CONDITION

tMUDIF1ED MICRUPUMP (INLETPRE@ﬂH? sTUDY)

t1@ PSI INLET

MIKE RAD (IN)>3136

MICROPHONE= 2.2 DEG

1 4@.51m  43.0tm  42.23% 45.Q3m 48.2:8
tm 32.7t= J3.23m 32.@1= 29.08= Jl.71=
tm JBeT7tm  46.21% 42,Q01= J37.2t= JT7.53=
tu 3Q.0tx 32,218 29,53z 25.5t= 18.2:=
MICROPHONE= 22.¢ DEG

te 4P.51m  A4D.Btm  43.21% 46.51= 4B.Si=
12 J4.01m  J3.@3=  33.2:x J2.Q3= Jl.21=
t= 3605t= 43.2:= 4@.53% 4l.@3x 43.5z=
2= 39,53z 29,512 24.,7:= 2C.0:% (8.0:31=
MICROPHONE= 48.2 DEG

1t 35.535 38.2:= 39.01= 43.2:= A48.5:1=
1 3P.51s 29,71= Jl.5:= 27.5:m 27.2:=
tm 32.0tw  35.5tm 3BeTiz 42.Tim 42.2tw
= 4leTsm  3408tx J2.2:1= 27.081= 2P.5:=
MICROPHONE= 6R.@ DEG

tm 3423w 3771 37.21% 43.0t5 4B8.0tw
12 28eBtw  29.01= 294515 25.@0:5 24.53=
tm 33213 J36e23tw 36423m J4.01® JT.73=
12 43.731=  34.@12 29.53= 32.7tw 21.21=
MICROPHONE® B8R.2 DEG

tm 29,5t= J4.03= 32.2:3 35.08= J3B.S5:=
te 25.,53m 2B.5tm 25.@t= 23.2t% 27.71w
tm  JlePtm 3J6.73m 35.7:=z 3l.Ts= 333.7:=
s 37.7tm  28.5:% 27.7:= 28.5:= 17.71=
MICROPHONE= 102.2 DEG

s 3lefitm J2.P:= 32.0¢= 35.51= 39.51m
12 28.@3n 28.Q1m 25.73® 26421 J3l.0t®
1= JPeT3tm 34e5im  3h4e531= 3T7.8:m JbeTt=m
1w 39.23% J@.Qtm» 25.,5:= 22.2:= [5.51=
MICROPHONE= 12@.2 DEG

12 2405t 28.03= 26.T= 32.7t= J38.0t=
te 23.Qtx 25.2:7 28.5:= 28.01m 29.7:=
tm 2940tz 32.7tm  36.Q31= A4@.Q0t= J37.2%=
tz 27.5t= [9.Q1= 16,7tz 14.8:m 10.5t=
MICROPHONE= [4R.¢ DEG

3= 23+51= 29,0z 32.71= 42.22= 39.71=
1o 22,7tm  23,51w  3@.73= 29.23= 26.5:=
12 3@.23m 36.0:x 34,21 JI.S5t= 3J6.21m
¢ 312t 2leB2m 162t 13.01= GeTt=m
MICROPHONE= 16@.2 DEG

1= 2145313 22.@:m 22.0:F7 J32.@tm JBLSi1=
12 21.51m 20,2t= 29.71=® 29.7im 26.021=
12 28.53e  J4021% J1.21= 32.2:=x JF.Ts=
1= 28.2t= 18.851= 185.2:= 13,.Tm 12.5:=
MICROPHONE= 180.¢ DEG - '

1= 23.0t% 23512 23.5:= J3.03= J9.¢s1=
12 21.Ttm  2¢.2t3 2B8.P:m 27.53= 29.,7t=
te  28.7tm 36.5tm 34 @1= JI5.21= 3J.5:=
tn 29.51= P@.2:7 16.0t=2 13.0:= 1].5t=
173 OCTAVE BAND PWL DB RE 121-13 VATT

w 53.0m 55.82 55,92 60.7% 64.4% 53.43
B 47.6m 4Be3m 49.3m 47.3% 48.7= 43.6=
B 51.9m 56.8%  S56.4m 57,4 58.3% 55.8=
2 59,3r S@o4m 4T7.2= 46.07 3J7.6= 3J2.2=
FULL OCTAVE BAND PVWL DB RE 10t-13 WATT

®w 59.,9m 6642m S5.lm 531 51.2% 59.0
2 652622 64.2% 6P.1F 468z Td.lz=  73.4

38.2t%
27+71=
34.03m
15.2%=

39.51=
2673
37.0:=
15.08=

35.23=
25.53=
39, 7t=
15.28=

36. 73 =
23. 7%=
35.21=
16.81n

8. T3
21.28=
32.5¢=
YePsm

28e23="

23.01=
38.7s=
1Be@e=

23.51t=
22.51=
33.21=

6e51%

32.71m=
23.21m
29 T3m
62t

2672 =
22.73=
28.5:=
S5e73=

26.21
25.02®
28.5tx

6efsm

5@.1i=
454 5=
59.2=
Tl 1=

MICROPUMP NOISE DATA (CONCLUDED)

B-42
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35.0:=
3lels=
43.23=
57.2tm

37.23m
28.21=
41.23=
57.2:=

J2.2:=
2%7.2:=
A3 P2
S7.2:=

32.5:=
25.7:=
40.21=
55.2t=

26.53=
24.Ts=
38.5t=
52.51=

25.73=
23¢5:=
4@. 2=
S54.21=

22 Tt=
24.08=
33.2:=
51.232

26.23m
25.01=
29.5:=
49,219

22,21
25.7s=
PBuR:=
47.73=

23.53=
@2.5:=
27.2s=
4922

$52.1
52.1
615
73.4

4.7
38.2
4145
5647

37.0
3“'2
42.5
5645

33.7
33.2
4447
5642

32.2
33.2
43.7
54.7

3.2
297
41.2
52.2

312
3145
43.2
537

32.7
31.5
33.5
50+5

3@.7
J2.7
3Ze.S
48.7

29.5
28.2
2945
47.9¢

29.17
3245
27.2
48.2



FAN NOISE DATA

TEST UNIT
CONDITION

+ MiCROPUMP_MOTOR (REPLACEMENT MOTOR)
+ AS RECEIVED (BALL BEARINGS)

MIKE RAD (INY$3s¢

MICHOPHONE=
$=  36.2%=
= 19722
= 29.7t=
t= 27.53=
MICROPHONE=
3= 37.01a
= 19.73=
1= 36.2%=
it 2947t
MICROPHONE=
3= 36e28=
i= 20458
i=  35.08=a
t= 364232
MICROPHONE=
tn 32.0t=
t= 20.0t=
tw 38.081=
3= 38e 73
MICRGPHOUNE=
3= 30«7t=
t=  20e7t=m
ta  4]1.0tm
itz 44.58m
ML CROUPHONE=
t= 29.78a
1= 22408 =
t= 39.7t=m
ta 43.5t=
MICROPHONE=
te 3l.8t=
ta 2l.ePim
tm  38.5t=
1n 43.78=
MI CROUPHOUNE=
$x  33.21=
t= 19732
tm 35 7gm
12 39451=
MICROPHONE=
ta 33.01=
$e 18421
t=  33.21=
1= 3258w
MICROPHONE=
8z 32.78=
t= {T7e78m
ta  29.0%=
1tz 30.0t=

173 OHCTAVE BAND

0«0 DEG
32+01= 18e21=
25¢0t= 18+01=
32.01= 39-28=
26e83= 19.78=

2040 DEG ~
33.08= 18e71=
33.02= 21408=
36+.2t= 39.01=
28+.08= 21e828=

40.0 DEG
3402z 20e58=
39458 = 25.88=
4le@3m  43e51m
29212 22.01=

60+0 DEG
3305t 20¢5t=
H4leP2t= 27.83=
402737 46408=
30e52=  20+53=
80+0 DEG
36+ 782 234 7t=
AleTtm  2758=
41233 460 T8m
3467t 284 T1=

1000 DEG
37e83m 23+2%=
43+408m 29.08=
45¢28=  49.81=
35408 28.7t1=
120.0 DEG
37+212  24.08m
41428 27483=
37.0t= 44eTi=
3640t 2940t=
140+0 DEG
39.52= £25.51®
39.5tn 25.51=
347t 414Bt=
35408 29.281=
160+.0 DEG
38.51= 23.71=
360782 22.5i=
35408 40+23=
31e282 23.21=
180+0 DEG
37513 24423
32:0t% 18.28m
204582  32.0t=
3462tz 27408=

23.28=
11452
32458 =
17.08=

244238
10.08=
33e58=
16.78=
264232
14.08=
38.23=
18.03=

26«01 =
1508
43458 =
18652 =

30+02=
17.2t=
44058 =
26+0t=

28.28=
18.21=
4628 =
27.03=

26Ge Tt
180t =
43.23=
29. 72 =

26+ 7=
18,5t =
39.2:=
2753 =

2445t
1558 =
38.58=
22. 7%=

244.28=
12.23=
33408
21.03=

29+ T3 =
24.02=
4328 =
1202 =

28.2t=
2447t
4272 =
16+ 52 =

28.08=
34.58=
40«22 =
1372t =

28e0t=
36.03=
40e52=
14 71 =

25.08=
3867t =
406 T8 =
222 =

25 78 =
39.78=
40.2t =
22+ 7=

27+58=
39.7t=
37e78=
25008 =

29.02=
41e28=
3Be2t=
21033

2302 =
36e52=
38e21=
1703=

29.28=
3040t=
37e58=
18408 n

PWL DB RE 10t-13 WATT

2 S54e58 5678 4288  45.8% 4792 40.1=
8 39.8m 58e5% 44e6a 35.5% 5648z 45.1=
B 56+08 S58elm 62472 60.0n 60ed4m 4807
n 58«2 525% 4578 L4 ln 39 3= 31e5=
FULL OCTAVE BAND PWL DB RE 10t-13 WATT

= 5882 50+4m 50.0= 58 7= 61.0= 618
B 660m 57098 $9e4m 45.55 6940= 6949
*

. BESh

2le52=
19. 7=
2523 =

Te22 =

19+5:=
20e02 =
2640t =
Fe0t=

19458 =
2373 =
88«0t =

TeSt=

19.23 =
2478
297t =
Se2t=

2le23=
2728 =
35058 =
13.2:=

22+58=
28, 78 =
32.01=
1228 =

20. 7=
27.58=
31e83=
15.08 =

2008 =
28452 ==
POeS1m
15013 =

17 72=
24eTt=
25.2%=
10+ 72 =

21e58=
2058 =
B4 T2 =
1le78=

3949=
80 7=
49 o 4=
69+ 0=

MICROPUMP MDTOR (BALL BEARINGS) NOISE DATA

B-43

22.02=
33e.2: =
28e 7t =
HHe 23 =

21e53=
37+5:=
2723 =
L4Te28=

20.28=
3853=
30.0t=
48Tt =

1928 =
Y052 =
31.2t=
50658 =

19+ 73 =
43e T2 =
33.2:=
58 7t =

19.2t=
L4Ye2t
3251 =
55402 =

1902 =
4ie52=
306 71=
S5le52x

19.08=
36212
31.02=
49403 =

17¢58=
37.52=
2728 =
46658 =

1902 =
3202 =
2540t =
42458 =

491
5607
565
699

SVHSER 6183

32.2
35.2
25.0
47.0

32.0
37.2
29.2
487

31.2
3447
31.5
49 .5

2945
3640
34.5
51.0

275
407
39.0
53+0

255
39.2
40.2
655.2

2540
4002
415
52.0

24.2
34.7
39.7
502

23.2
365
3647
4B .0

237
30.5
2847
4445



EAN NOISE DATA

TEST UNIT
CONDITION

MICRUPHONE=
tm 40408
$a  22.0t=
t=  19.03=
t=  10+0t=
MICRUFPHUNES
ta  31.03=
3= 1B.5t=
1= 2202 =
= 11.0t=
MICRUPHONE=
tr 32.51=
= 19.03=
33 21.53=
t= 1002 =
MICRUPHONE=
g2 31.03=
t2 19, 73=
g2 2]le53=
t= 90t
MICROPHUNE=
tm  29.5t=
tm  20.01=
= 21,03=
FE QoS
MICROPHONE=
ta 27.5%m
s 20.03=
tm 21.01=
g= YeH1m
MICROPHONE=
iI® 2678w
tm  20.2%=
to 19,53 =
L] 10:08=
MICROPHONE=
ts  26.08=
tm  QYo2t=m
= 2528 =
t=  1340t=
MICRUPHONE=
t= 25.03w
1=  22.5=
t»  30.2t=
t=  14.58=
MICROPHONE=
= 25.88 =
2 22.7t=
ta 3l.2t=
t2 11.58=

¢ MIGE

CROPUMP_ MOTOR
¢ BRONZE BUSHINGS
MIKE RAD CIND336

0«0 DEG -
43513 30.51=2 29.51= 32
37«0t 23.53= 12.58= 25
23+03m 18.7tm 19.03= 19
11e5t= QsLim 8o T2z 8

20.0 DEG
347tm 19,01= 24 T2= 27
3758m 822.78m 10.02= 25
25+03m 214232 19.03= 24
24288 15.28= 15073 8
40.0 DEG
36582 21.512 267z 27
37+¢5tm 23.5%= 12.53= 32
26e03x 23.5t= 22.03= 26
10.0t= Ge21n 9e0t= 8
60.0 DEG
370t 2158= 26+02= 26
39+03 24473= 13033 33
24.5tm  22.08= Bl.2t= 25
9.5¢= 9e28m BeTm 8
80.0 DEG
33+5t= 21.08m 25.53= 27
40e73n 260 7t= 13.0t= 32
25.58m 23.283= 19.03= 20
9.0t= 10.03= 9+08= 9
100+0 DEG
34.08m 21.2t= 26073 29
41408 26473m 140532 34
£7408= 23.53= 19.03= 23
Qe28m GeHtm 922z 9
120.0 DEG
31.08m 25.03= 33.73= 30
41+2%m 264038 15.2t= 36
20.281=m 22.28= 2]1.03= 25
9eS58m Qe Tt 9e58= 9
140-0 DEG
27+08m 17.7t2 24.08= 28
46408m 31423 1445t= 32
22.58m 22.58= 20.03= 23
12.0t= 10282 10.03= 9
160.0 DEG
22+ 7tm  1B.T78m 2R.5:= 28
44.08m 29.0t=m= 21.28= 27
23«5t  22,0t= 26+.0t= 28
15202= 11.03= 10.02= 9
180.0 DEG
21e53= 18.7t= 22e453= 27
44.08= 29.78= 28.01= 22
29+ 7Tt=  24.08m 23.51= 21
10+.23= 10.23= 10.2t= 10

173 HCTAVE BAND PUL. DB
®  5Z2.2m 55¢9=  4301=
= AleSm  62eB8= 4Te5=
w 46s8=  4Belm  4Re 4=
2 3lefr  37¢5= 3le4=

FULL OCTAVE BAND

= 5768 SlaS= 49 5=
B 48.3%  42.0=2 393=
*

RE 10t~13 WATT

05t =
o T3=
«S5t=
Q=

1Y -5 k]
212
+Otm
2t

a2tz
«5t=
w28
5t

Tz
20t
o 03 =
O3

YiE )
oSt=
«O3m
PSR

a5
o7t
«Osm
«08z

«5t=
«0O2=
e 7=
58w

Ttz
Q=
+5tm
e Tt

oDt
e Ty
«0O2=
«72=

o03s
'e-111
Otz
«21=

L47e3m  4Be 7= 40« 6=
39+ 7= 51e2% 45.1=
H42e8= AdSel= 4lel=
3le4= 291z 2640=
PWL DB RE 101-13 WATT
62e3Im  H56e3= 549
341= 58.9= 6543

23.01=
17e58=
13.0t=

3e72=

17e53=
1478 =
19.58=
Y78

19.28=
20.2t=
23.0t=

S5.21=

18.02 =
20.08=
2378 =
S50t m

2158
19.5t=
19.0t=

Se58=

228.28=
2le52m
1942t =
Se73=

25.88=
P2+.58%
20.28=

6e28=

18.02=
20+.5%=
204022

6e53=

19.08=
29.21=m
22.78=

Te2t=

20e58=
3l.21=
1842t =
Te58=

394 5=
54+ 3=
32.9=
58+9=

MICROPUMP MOTOR (BRONZE BUSHINGS) NOISE DATA

B-44

23458 =
26.28=
11.22=
32e52=

1852=
2908 =
12 T3 =
35+51=

18«02t =
28+ 7t =
1428 =
3628

1808
2T728=
12 72 =
36+03=

1878 =
27+28=
1058 =
36421 =

18eT2=
2878
1078 =
36+51=

20 73 =
27+28=
11+02=
36+ 5t=

17 78=
4.2
11e28m
39.0:=

18« 78 =
40.238=
150t =
4328

19«5:=
33.21=
1201 =
4002 =

48+ 2
537
30.1
65+ 3

SVHSER 6183

31.2
267

97
467

28.7
30.5
10.0
4200

27.0
28.0

85
4267

26+2
27«17

80
4247

255
297

8.2
435

265
275

8.0
4347

272
277

Be7
8465

277
310

847
470

2840
39.2
1847
472

28¢7
36.2
110
460
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rest no. ___4 HAMILTON STANDARD pace 1 oF _ T
PLAN OF TEST &
sop: Fan and Pump Noise Control Test Program PLAN PREPAREQ BY: T Gan '
| - 3/15/712
PROJECT & oRoer; D00~ X00-200A appaovep by; J. Misoda
Program Engineer
INSTRUCT 1ON: : _ , TEST enGINeer: _T. Ganger
TIME PERIOD: _ March, 1972 yo MApril, 1972

1. WHAY 1S ITEM BEING TESTED?

2. WY IS TEST BEING RUN? WHAT WILL RESULTS SHOW OR BE USED For?

3. OESCRIBE TEST SET UP INCLUDING INSTRUMENTATION. ATTACH SKETCH OF INSTALLATION.

4, ITEMIZE RUNS TO BE MADE GIVING LENGTH OF EACH AND READINGS TO BE }Axcn.

S. SPECIAL INSTRUCTIONS: SAFETY PRECAUTIONS FOR OPERATORS AND HANDLING EQUIPMENT,
OBSERVATIONS BY SIGHT. FEEL., UR HEARING., LIST POINTS OF OBSERVATION WHICH MIGHT

CONTRIBUTE TO ANALYSIS OF (A) PERFORMANCE OF UNITS, (6) INGCIPIENT TROUBLE BEFORE
IT OCCURS, AND {C) CAUSE OF FAILURE.

6. HOW WILL DAYTA BE USED OR FINALLY PRESENTED? GIVE SAMPLE PLOT, CURVE, OR TABULATION
AS IT WILL BE FINALLY PRESENTED.

NUMBER ENTRY AS LISTED ABOVE AND DESCRIBE BELOW

1.0 Description of Test Items (GFE)
The test items consist of the following spacecraft fans and pumps:

IM Suit Fan _P/N_Sv 131132 a/n _ooo0o1 (u/N 121)
IM Cabin Fan SV 715543 s/N 86~R1; 86-R2
CSM Suit Compressor P/N 826000-2-2 S/N 107-171

IM Pump , P/N_sV_737656 S/N 00002 (U/N 117)
CSM_Pump P/N 850024-6-1 S/N g95.11)

2.0 Purpose of Tests

These tests are being conducted to identify and quaﬁtify noise sources
and causes in present spacecraft fans and pumps. The test data will be

used for correlation with empirical and theoretical fan and pump noise

estimating procedures to develop design criteria for Space Shuttle‘agplica-

tions.

3.0 Test Instrumentation and Set Up

2.1 _Acoustic Instrumentation —

The following instggmentation will be used for acoustic data acquisition:
Microphones: Bruel & Kjaer Type 4133

Tape Recorder: Nagra IIT

Sound Level Meter: Bruel & Kjaer Type 2203

C-1
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3.1 (Con't)
Microphone Calibrator: Bruel & Kjaer Type 4230
Miérophone Power Supply: HS 12 chanﬁel power supply
Microphone Preamps: Bruel & Kjaer Type 2619
Associated Cables

3.2 Performance Instrumentation

Suitable rig instrumentation will be supplied to measure system
pressures, temperatures, flow, speed, and power as described on
Tables 1 and 2 for the spacecraft fans and pumps.

3.3 Test Set Up

3.3.1 Fans

The test fans and instrumentation will be set up in Rig 14 of the
Space Systems Department (SSD) laboratory as shown in Figure 1.

A bellmouth will be installed on the fan inlet to insure uniform
fan inflow, :

3.3.2 Pumps

The test pumps and instrumentation will be set up in Rig 14 of the
8SD laboratory as shown in Figure 2.

4.0 Description of Tests

4,1 Fans

Performance data, i.e., temperatures, pressures, flow, rpm (if
possible), and power will be recorded with the fan operating near
the design point. All instrumentation (static and total pressure
probes) will then be removed from the fan flow stream. A 30
second recording will then be made for each microphone position
of Figure 1 with the fan continuing to operate near the design point.

These tests will be conducted on the fan inlet with the exhaust
noise isolated, and the exhaust with the inlet noise isolated.
The ambient pressure will be maintained at either 5 or 14.7 psia
for performance and acoustic tests.

4, 2 Pumps

Performance data, i.e., temperature, pressures, flow, rpm, and
power will be recorded with the pump operating near the design
point. In addition, a 30 second recording will be made for each
microphone position of Figure 2.

Since pump noise is body radiated, there will be no isolation of
the inlet and outlet noise. The ambient pressure will be main-
tained at 14.7 psia for performance and acoustic tests.

C-2
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Special Instructions

1. Background noise and use standardize recordings will be
made for all tests. This information will be used to
correct the acoustic data if necessary.

2. BPBach microphone will be calibrated prior to each test.

3. Microphones will be allowed to warm up for 30 minutes
prior to testing to ensure stability.

Data Reduction

Performance Data

Performance data will be used to monitor test hardware perfor-
mance and to ensure design point operation.

Acoustic Data Reduction

The acoustic data will be analyzed for each microphone location
using a GR type 1921 1/3 octave band real time analyzer with a
16 second integration time. This analysis will permit the cal-
culation of acoustic power level (PWL db re 101 -watt) for each
fan (inlet and exhaust) and pump tested. In addition, narrow
band analyses will be made to determine the tone content of the
source.

The acoustic data will be presented in both tabular and graphic
form.

Data Accuracy

The data accuracy based on the rig performance instrumentation
and the acoustic data acquisition/data reduction equipment is
as follows:

temperature *3°

delta pressure +0.2" Hy0
pressure +0,5% full scale
gas flow 5% full scale
liquid flow *5% full scale
speed 2% full scale
voltage *1% full scale
amperage +1% full scale
acoustic noise *1.5 dB



Hamiizon
Swandard

CIVITE OF UNITED 26 CRAPY cwoanm:‘

®l

Fluid
Flow

(CFM)

AP
1"
("150)
Pin
(psia)
Power

(Watts)

Speed
rpm

Power
Source

SUIT

Air
LTh
27
15

5.0

160

25,000

28v

TABLE 1

HARDWARE DESIGN POINTS

FANS
M CsM
CABIN SUIT
Air Air
2.0 .93
183 35 .
0.4 10
5.0 5.0
30 85
13,000 22,000
o8V 115/200V
DC 3¢ 400 cps

C-4
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csM
CABIN

Ajr

2.5
86

0.4

5.0

20

11,000

115/200V
3¢ 400 cps
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-l

Fluid
Pin
(psia)

Flow
#/vr

aP
psi

Power
Watts

Speed
rpm

Power Source

TABLE 2

HARDWARE DESIGN POINTS

PUMPS

M

Glycol/Water
62 1/2/37 1/2

14,7

222

30

25

5500

28v

nc

C-5

csM

Glycol/Water
62 1/2/37 1/2
1.7

200
36

52
22000

115/200V 3¢
400 cps
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1.0 DESCRIPTION OF TEST ITEMS

The items to be tested shall consist of two (2) fans and one (1)
pump. These items are those which are selected as the most
favorable concepts based on consideration of weight, volume, power
consumption, existing noise level, and potential noise level
reduction. ' These fans and pump will be off-the-~shelf hardware
purchased for this program.



Hamilton U SVHSER 6183

OIVISION OF ‘UNITED AIRCRAFT CORPORATION

Standard RAe

2.0 PURPOSE OF TESTS

The purpose of this testing is to demonstrate that the noise
reduction techniques which are to be formulated in the course
of this program accomplish reductions in noise level. However,
since modified commercial hardware is being utilized as test
models, these tests are not intended to demonstrate ability to
meet the NC-30 design goals.
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TEST AND INSTRUMENTATION

Test

All testing will be done at atmospheric pressure in Hamilton
Standard's test facility by Hamilton Standard personnel.

Test Facility

Descrigtion

The tests will be conducted in Hamilton Standard's anechoic
chamber. This chamber has a volume of approximately 3000 cubic
feet and provides an essentially free-field environment at dis-
tances up to five feet from the source for frequencies over the
range of 90 to 5,600 Hz as shown in Figure 1.

Background Noise

The background noise in the test enviromment is below 17 dB over
the frequency range 90 to 11,200 Hz as measured by octave bands.
As this level is 10 dB or more below the octave band levels of
the design goal of NC-30, background noise levels in the best
environment are not considered a problem.

Test Set—UE

Test Item Location

The test items shall be located in the approximate center of the
test chamber, approximately 3 feet above the floor.

Measurement Locations

A1l measurements shall be made at 3 feet from the source. If
the test item exhibits acoustic noise radiation symmetry (i.e.,
such as an axial fan), the microphone locations shall be at 20
degree increments from O to 160 degrees as shown in Figure 2.

If the test item does not exhibit acoustic noise radiation sym-
metry, measurements will be made at 20 points equally spaced on
a sphere centered on the center of the source as defined in Table
I. The measurements will first be made at 12 points on a
hemisphere above the test item. The test item will then be
inverted and the noise measurements repeated. The four measure-
ment locations common to both hemispheres will be weighted by

a factor of 1/2 in power.
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TABLE I

Cartesian Coordinates of Microphone Locations

SVHSER 6183

For Measuring Noise From a Source Which Does Not Exhibit Symmetry

2.79
1.7k
1.08
1.7h
2.79

1.74
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FIGURE 2
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Ancillary Egquipment Locations

Ancillary test equipment which is 1likely to make noise, such
as power supplies, control valves, etc., will be located outside
the test chamber.

Instrumentation

Acoustic Instrumentation

.Description

The following instrumentation will be used for acoustic data
acquisition:

a) Bruel & Kjaer (B & K) type L131 one-inch condenser micro-
phones.

b) B & K type 2613 cathode followers.

c) B & K type 2801 power supplies.

d) B & K type A00028 30 ft. extension cable.

e) B & K type 2203 precision sound level meter.
f) Kudelshi NAGRA ITI magnetic tape recorder.
g) B & K type 4230 microphone calibrator.

The following equipment will be used for data playback and
analysis:

a) Ampex Model AG-500 magnetic tape recorder.

b) General Radio type 1921 real time 1/3 octave band analyzer.
¢) Spectral Dyﬁémics type 301B freguency analyzer.

The tape recorder will be operated at 15 inches per second.

Measurement Accuracy

The B & K type L230 microphone calibrator has an accuracy of

+ .5 dB. This calibrator will be used to provide a calibration
signal for the entire data acquisition/analysis system. The
overall system accuracy is + 1. 5 dB over the frequency range

20 to 16,000 Hz. Dynamic range, measured by 1/3 octa¥e bands,
is better than 60 dB.
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3.2.2 Performance Instrumentation

3.2.2.1 Description

The instrumentation ysed to measure fan and pump performance will
be as follows:

3.2.2.1.1 Fan Tests

Flow: Total pressure gage and delta pressure manometer.
Pressure Rise: Delta pressure manometer.

Ambient Temperature: Thermometer.

Rotational Speed: Magnetic pickup or strobotac.

Input Power: Voltmeter and ammeter or wattmeter.

3.2.2.1.2 Pump Tests

Flow: Glass tube flow meter.

Pressure Rise: Delta pressure gage.

Fluid temperature: Thermometer.

Pump inlet (outlet) pressure: Pressure gage.
Speed: Magnetic pickup. ‘
Power input: Voltmeter and ammeter or wattmeter.

3.2.2.2 Performance Measurement Accuracy

The accuracy of the instrumentation used for the performance
measurements is as follows:

Temperature + 3 degrees
Pressure rise (fan) + 0.2 inches H,0
Pressure rise (pump) + 0.5% full scale
Ambient pressure (fan) T 0.5% full scale
Tnlet pressure (pump) * 0.5% full scale
Gas flow * 5% full scale
Liquid flow + 5% full scale
Speed + 24 full scale
Voltage * 1% full scale
Current + 1% full scale
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DESCRIPTION OF TESTS

Background-Test Philosophy

The tests will be conducted on two fans and one pump which will

be commercial off-the-shelf hardware. These items will be tested
for noise and performance "as-is" for the purpose of establishing
base levels. These items will be selected on the basis of their
minimum noise levels and good potential for further noise reduc-
tion by the modifications evolved as a result of a performance/
noise characteristics optimization. Each unit will be modified
and tested at least one time to demonstrate the noise reduction
techniques. The purpose of these tests will be the verification
of the noise level reductlon predicted from the optimization study.

Test Procedures

Fan Tests

Fan Installation

Since separate evaluation of noise levels from the inlet and
exhaust ports of the fans is planned, the inlet and exhausts
will be acoustically isolated. During inlet noise testing,
the exhaust from the fan will be ducted into a muffler to
eliminate fan exhaust noise. ¥Flow rate will be controlled by
means of a throttling valve at the inlet to the muffler. To
insure uniform inflow to the fan, a bellmouth will be used at
the fan inlet.

For the msasurement of exhaust noise levels, the fan will be
reversed so that it draws from the muffler. Again, flow rate will
be controlled by a throttle valve, but now located at the muffler
exit. To insure uniform inflow to the fan, flow straightening
devices, such as capillary tube bundles, may be installed at

the fan inlet. This will be done to insure that turbulence
generated in the muffler and duct wall boundary layer turbulence
do not cause non-uniform inflow to the fan roter.

Performance Testing

The fans will be tested at atmospheric pressure. Performance
data, i.e., temperatures, pressures, flow, rpm (if possible),
and power, will be recorded with the fan operating near the design
point. All instrumentation will be removed from the air flow
stream after the design point operating condition is achieved.
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Acoustic Noise Testing

Each fan configuration will be tested at its design condition.
The operating condition will be held constent for the duration
of each set of measurements. Each modification to the fans will
be tested at the initial desipgn flowrste condition, if possible.
Recordings of approximately 30 seconds durstion will be made at
each of the locations defined in 3.1.2.2 for inlet noise and
exhaust noise.

Pump Testing

Noise and performance testing shall be conducted simultaneously.
A similar procedure to that described in 4.2.1.3 will be used,
except that total body radiated noise will be measured rather
than inlet and exhaust noise. Each pump modificetion will be
tested at the initial design flowrate, if possible.

Special Test Considerations

Use-Standardize Recordings

Several recordings of use-~-standardize mode will be performed
during the course of testing of each item. These measurements
are made using the same recording gain settings used during the
test item noise recordings, the only difference being that the
test item is not operating. The purpose of these measurements

is to determine the total noise, both in acoustic and electrical,
which is inherent to the installation. This procedure ensures
that the noise levels determined for the test item are free

from interference from other unwanted sources.

Microphone Calibration

Each microphone shall be calibrated prior to each test using

the microphone calibrator defined in 3.2.1.1. Also, the cal-
ibration signal from at least one microphone (if several are used)
shall be recorded on magnetic tape. This signal will then be
used as an absolute calibration signal for the entire data
acquisition/playback/analysis system.

System Warm-Up

Items requiring warm-up, such as microphone preamplifiers and
power supplies, shall be allowed to warm up for at least 30
minutes prior to calibration to ensure stability.

Data Reduction and Analysis

Performance Data

The performance instrumentation will be used to set the hardware
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(Continued)

at the design point with respect to flow and pressure rise.

Once this is achieved power and speed will be measured to assure
design point operation. At this stage the pumps will be evaluated
for noise. On the fans, however, removal of the delta pressure
manometer and the total pressure gage from the air stream will

be done prior to testing for noise.

Acoustic Data

The acoustic data will be analyzed using a General Radio type
1921 analyzer or its equivalent with 16 seconds integration
time. One-third octave bands of center frequencies 50 to 10000
Hz will be used for the analysis.

The data from each microphone will then be integrated to calculate
the sound power level (PWL) for each item at each operating
condition. The intent of the PWL calculation is to better define
the acoustic energy reduction achieved by the design modifications.

Also, the 1/3 octave band levels for the loudest microphone
location will be summed to octave band levels for comparison
with the design goal of NC-30.

Narrow band (50 Hz or less) analyses of selected recordings will
be mads to more clearly define the frequency distribution of the
noise generated.

Data Presentation

The data will be presented in tabular form showing the measured
1/3 octave band levels at each measurement locations. Each oper-
ating condition will be presented on a separate table.

In addition, selected samples of data will be presented in graph-

ical form where this leads to a better understanding of the
noise characteristics.

D-11



